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Abstract 

Low frequency synthetic aperture sonar (SAS) is a key technique for the detection and 
characterization of unexploded ordnance (UXO) in the underwater environment. For buried 
UXO, however, it is rather difficult to determine the range and depth up to which the detection 
of UXO is feasible. This critically depends on the detection system properties, environmental 
properties such as water depth and sediment type, target properties, and the actual burial depth 
up to which UXO needs to be detected. For the evaluation of the effectiveness of UXO 
detection surveys, it is therefore not only relevant to analyze the acquired data to determine the 
presence or absence of UXO, but also to assess which area effectively has been covered by the 
survey, and up to which depth effective coverage has been obtained.  

The objective of the current project is to develop an approach for coverage assessment, and 
to evaluate the applicability of the coverage assessment approach. The development and 
evaluation of the coverage assessment methodology is supported by using data examples 
acquired with TNO’s low-frequency synthetic aperture sonar (LF-SAS) system.  

The coverage assessment approach relies on high-fidelity target-in-environment response 
(TIER) simulations of UXO objects of interest, which are obtained using Finite Element 
Modelling (FEM) simulations. They are subsequently merged with measured reverberation 
data. Using augmented targets, it becomes possible to assess whether a target of interest would 
be detectable, if present. The detectability is assessed in synthetic aperture sonar (SAS) images 
using an intensity threshold detector, i.e. by considering the Signal Excess (SE) for different 
target depths, target orientations, and target ranges. The coverage assessment for more 
sophisticated detectors would be supported as well by the developed high-fidelity TIER 
simulation approach. 

The coverage assessment results show that the maximum range for detecting buried objects 
is limited by the critical angle of incidence for a sidelooking LF-SAS system. It is difficult to 
obtain information on sediment sound speed using an LF-SAS system, which primarily senses 
back-scattering properties of the seabed. It is therefore important to collect this information on 
seabed properties by alternative means, e.g. grab samples and/or gravity cores. There are well-
established relations between grain size and sediment sound speed.  

The coverage assessment methodology critically relies on the calibration of the 
measurement system, processing, and TIER simulation chain. Hardware characteristics, such 
as beam patterns, need to be established by conducting basin measurements, and scale factors 
introduced in data acquisition, processing, and simulations need to be taken into account. Errors 
in the calibration will result in biased coverage assessment results.  

The coverage assessment approach has been successfully demonstrated on experimental 
data acquired by the LF-SAS system near Gdynia, Poland. Simulation results for the signal-to-
reverberation ratio (SRR) for a scientific cylindrical target agree well with measurements. 
Single-view coverage assessment results are in agreement with range and depth trends in SRR 
observed in experimental data.  

Finally, coverage assessment results can be generated during an UXO detection survey, 
provided that the simulated TIER SAS images are generated prior to the survey. Timely 
availability of coverage assessment results helps to improve the quality of UXO surveys. 
Furthermore, averaged performance curves, such as P(y) curves, are useful input to the 
planning of future UXO surveys. This study therefore demonstrated that high-quality coverage 
assessment results can be efficiently obtained to aid UXO survey planning, execution, and 
evaluation.  
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1 Introduction 

This is the final report of the SERDP MR-20-S1-1484 project entitled ‘Area and Depth 
Coverage Assessment for Unexploded Ordnance Acoustic Detection Surveys’. Coverage is 
meant in this context as the volume, characterized in terms of range and depth, in which the 
unexploded ordnance (UXO) objects of interest can be detected with sufficient probability of 
detection at an acceptable level of false positives.  

Figure 1-1 illustrates the coverage assessment problem. It presents LF-SAS imagery 
acquired using TNO’s Mine Underwater Detection (MUD) system in two different 
environments [1]. The first image is acquired in an environment with a sandy seabed, the 
second image in an environment with a mud layer with sand underneath. It is a former tidal 
estuary, but the access to the sea has been closed off since 1971 to protect the inland from 
flooding, and the mud layer has been formed since then. As a consequence of the fluvial-tidal 
characteristics in the past, the mud/sand interface is not flat and has a complex sediment 
structure, and the mud/sand interface is likely to contain wave ripple features. 

 
Figure 1-1: Example of LF-SAS images in an environment with a sandy seabed (top) and with 
a layered seabed, consisting of a mud layer with sand underneath (bottom).  

In both environments, it is a non-trivial problem to assess up to which range and depth UXO 
objects of interest, such as shells and bombs (Figure 1-2) or UXO of smaller calibre, are 
detectable1. This does not only depend on the target and environmental conditions, but also on 
the sonar system characteristics, such as frequency, bandwidth, transmitter properties, and 
processing gain. Insight in the achieved range and depth coverage is important to support 
further planning of both wide area and detailed UXO surveys. This knowledge is  

 
1 The example images here are clean UXO test objects. In practice, corrosion and/or bio-fouling could occur, 

leading to variation in target scattering properties even if the type of UXO to be detected is known [2]. 
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Figure 1-2: Example of UXO exercise objects; 155 mm shells (left) and 2000 lb concrete filled 
bombs (right). 

required to establish the performance achieved in an UXO survey, i.e. what is the risk that 
UXO at a specific position and depth remains undetected. 

To establish an approach for coverage assessment, the following research questions have 
been formulated to guide the research: 

A) Which environmental and target information is needed for range and depth coverage 
assessment? 

B) How can relevant environmental information be obtained from LF-SAS data? 
C) How can the detectability of relevant UXO targets be determined? How can aspect-

dependent variations in target strength be taken into account in the coverage 
assessment approach? 

D) How can coverage assessment be validated? 
 

The coverage assessment methodology will be developed for monostatic LF-SAS systems, 
which are considered as the main type of acoustic sensor systems for buried UXO detection. 
Other configurations (bistatic) or sensors (side scan sonar, parametric sonar systems) could be 
of interest as well, and we anticipate that the methodology could be generalized to these type 
of systems as well.  

To establish the coverage that is achieved in a survey, it is required to establish coverage 
for a single track first. The next step then is to aggregate the single-track coverage results to 
assess coverage for an entire survey. To assess the feasibility of the coverage assessment 
approach, we primarily focus on the single-track coverage assessment, which is considered as 
the critical step. The generalization from single track results to an entire survey is not addressed 
in the current study. 

This report is organized as follows: 
 Section 2 provides an inventory of sonar systems for buried UXO detection. 
 Section 3 gives a description of the envisaged methodology for coverage assessment and 

defines relevant terminology. Different terms are further developed in the subsequent 
sections, including aspects and choices related to the implementation of coverage 
assessment. 

 Section 4 introduces TNO’s MUD system, which will serve as a use case to support the 
development of the coverage assessment methodology. 

 Sections 5-7 provide an overview of physics related to the coverage assessment 
methodology, with Section 5 focusing on the Target In Environment Response (TIER), 
Section 6 on the environmental response, and Section 7 on the UXO detectability. 

 In Section 8, environmental assessment approaches are developed, i.e. approaches to obtain 
information on the environmental parameters that are required for coverage assessment. It 
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is also investigated whether information on those parameters can be obtained from 
measurements acquired from an LF-SAS system.  

 In Sections 9 and 10, the TIER simulation approach and the corresponding processing are 
discussed, such that TIER LF-SAS images can be generated at a range and depth of interest, 
including the effects of LF-SAS processing.  

 Section 11 discusses the calibration and validation of TIER processing and modeling. 
Calibration is essential before TIER simulations can be combined with measured 
reverberation data, and representative estimates of SNR can be obtained.  

 Section 12 presents coverage assessment results, and evaluates these results by comparison 
to measurements.  

 The conclusions of this study are presented in Section 13. 
 

2 Inventory of sonar systems for buried object detection 

In this section different system configurations will be identified, along with examples of these 
systems. The focus is on LF-SAS systems in monostatic configurations. Parametric echo 
sounders are not considered here as they are impractical for performing area surveys due to 
their limited footprint. System deployment is varied: on AUVs, ROVs, tow body, or systems 
attached to surface platform. The systems are listed based on the dominant looking direction 
of the systems, ranging from downlooking to sidelooking. 

Downlooking systems have the receiver array placed horizontally perpendicular to the 
sailing direction and source (array) placed centrally on the track in close proximity. Acoustic 
wave propagation is predominantly in the vertical direction, perpendicular to the seabed. 
Examples of these systems are the GeoAcoustics system [3][4] which uses depth migration for 
imaging of reflections; The Pangeo Subsea Sub-Bottom Imager (SBI) system [5], operationally 
used for UXO surveys (wind farms) and depth of burial surveys (cables); The PennState 
Sediment Volume Search Sonar shallow water system [6]. These systems have the following 
characteristics in common: 

 a good depth coverage below the seabed (up to 10 m depending on sediment properties); 
 swath width is limited (2-5 m), giving a low coverage rate for area surveys; and 
 difficulty to detect objects in the presence of a layered seabed. 

Subsequently, there are downlooking systems with near vertical angle of incidence to 
inclined angle of incidence. Examples of these are: Buried Object Scanning Sonar (BOSS) 
[7][8]; Next-generation BOSS [9]; Small Synthetic Aperture Minehunter (SSAM) [10][11]. 
The NRL Structural Acoustic Look-Down and Side-Look Sonar [12][13][14] has both 
downlooking and sidelooking sensors. The TNO MUD system [15][16][1] has a receiver array 
that can be tilted from downlooking to sidelooking orientation. It will be covered in more detail 
in Chapter 4. 

In sidelooking mode, last-mentioned systems offer a large swath width, giving a good 
coverage rate for area surveys. With inclined angle of incidence, pre-critical and postcritical 
incidence at the water bottom and deeper sediment layers become important. Object 
backscattering is dominant. The effect of inclining angle of incidence on sub-bottom acoustic 
imaging is illustrated in [17].  
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3 Coverage assessment methodology 

In the previous section, an inventory for sonar systems for buried object detection was 
presented. There is a variety of sonar systems that operate either in a downlooking geometry 
or in a sidelooking geometry. The objective in this section is to develop a coverage assessment 
methodology that is able to assess the range and depth coverage for different types of buried 
object sonar systems. 

3.1 Sonar equation 

The sonar equation will be used as a starting point for the development of a coverage 
assessment methodology, i.e. to determine whether an UXO object of interest is detectable at 
a certain position. The sonar equation reads: 

SE ൌ TEL െ BL ൅ PG െ DT, (3.1) 

where SE is signal excess, TEL denotes the target echo level, BL the background level, PG the 
processing gain, and DT the detection threshold, respectively. 

In practice, it is difficult to estimate the signal and background level prior to processing, 
and the processing gain individually. It is therefore more convenient to consider both the signal 
level and background level including processing. This leads to the sonar equation in the form: 

SE ൌ TEL∗ െ BL∗ െ DT (3.2) 

where ሾሿ∗ denotes the quantity including processing. Processing includes beamforming or SAS 
processing and matched filtering. It influences both signal and background level. The 
background level comprises reverberation and noise. 

3.2 Target echo level in coverage assessment 

In coverage assessment, the detectability of a target that may be present needs to be assessed, 
i.e. would a specific target be detectable. This requires a capability to estimate the target echo 
level, also referred to as the Target In Environment Response (TIER), including the effects of 
processing. This comprises: 

1) A simulation capability to estimate the target echo level; 
2) A calibrated processing chain; and 
3) Insight in the effect of signal processing on the target echo level. 

The idea is to compare the TEL including processing to the BL including processing, so TEL∗ 
compared to BL∗. 

Approaches for estimating the TIER including the processing, including the information that 
is required as input to a TIER estimating process, are further discussed in Chapter 5. 

3.3 Background level in coverage assessment 

The background level including the processing is measured. This implies that range and depth 
coverage assessment does not rely on model predictions for reverberation and noise. It requires 
a capability for estimating the target echo level including the effects of data acquisition and 
processing. In addition, the detection threshold will have to be established. 

To enable a meaningful interpretation of achieved coverage, a thorough understanding of 
the environmental response is required. For this purpose, factors contributing to the 
environmental response will be discussed in more detail in Chapter 6. Understanding of the 
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environmental response can also help to make inferences on the environmental parameters that 
are required as input to estimate the TIER by using data-driven methodologies. 

3.4 Detection threshold in coverage assessment 

The detection threshold is a difficult term to estimate. It is defined as the signal-to-background 
ratio (including processing) at which a 50% probability of detection is achieved at an 
acceptable false positive rate [18]. The detection threshold depends on the detection process, 
and is commonly established based on practical experience. 

An important factor that reduces the detection performance, and consequently increases the 
detection threshold, is variability in the environmental response. The processing to mitigate 
this variability, which is commonly referred to as normalization, should therefore be taken into 
account in the assessment of detection performance of a sonar system in a specific environment. 
It is, however, rather challenging to estimate the detection threshold for different types of 
buried object detection sonar systems including the processing tailored to these systems. A 
generic approach would be to establish Receiver Operator Characteristic (ROC) curves in 
which the probability of detection is plotted against the false positive rate. The Signal-to-Noise 
Ratio (SNR) at which a 50% probability of detection is achieved at an acceptable user-defined 
false alarm rate is then the detection threshold. The detection threshold term is further discussed 
in Chapter 7. 

3.5 Reducing uncertainties in environmental 
information 

The coverage assessment methodology outlined in this Chapter relies on the availability of 
environmental information. Not all information will be a priori available at a sufficient level of 
accuracy. We will therefore pay special attention to parameters on which commonly 
insufficient knowledge is available, and assess methodologies how additional information on 
these parameters can be obtained. It will be explored whether through-the-sensor approaches 
can be used to make direct measurements or inferences on unknown parameters. When 
through-the-sensor methodologies cannot provide the requested information, auxiliary sensors 
or supporting measurements may have to be done. 

3.6 Envisaged result of coverage assessment 

Coverage assessment provides information on the progress and effectiveness of UXO surveys. 
It is expected that the coverage depends on a number of factors, including: 

 target scattering properties; 
 target depth; 
 target range, or more precisely the grazing angle; 
 acoustic properties of the seabed; 
 water depth; 
 sonar system properties (frequency, bandwidth, transmit beampattern, receiver array 

properties); and 
 sonar processing. 

The development and application of the coverage assessment methodology should provide 
important information on the potential and limitations of buried object sonar systems in 
different configurations. 
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4 Use case for coverage assessment: MUD system 

The development and implementation of the coverage assessment approach will be supported 
by using the Mine Underground Detection (MUD) system as a use case. 

The MUD system is shown in Figure 4-1. The system is platform based and is applicable 
to environments with a water depth greater than 5.0 m. It combines low-frequency synthetic 
aperture sonar (LF-SAS) with a high-frequency side scan sonar (HF-SSS) that operates at a 
center frequency of approximately 450 kHz, such that detailed information on the seabed is 
obtained, both in terms of scattering properties and bathymetry. The LF-SAS system delivers 
the capability to detect and localize buried objects. 

The system has a 2D receiver array that can be lowered below the platform. The tilt angle 
of the sonar frame can be adjusted to change the illumination of the seabed. As a result, the 
system can be used both in a downlooking and a sidelooking configuration. 

 

Figure 4-1: TNO’s prototype Mine Underground Detection (MUD) system. 

The system is suitable as a use case for coverage assessment, because coverage can be 
assessed for a broad range of aspect angles and for a broad range of frequencies. Furthermore, 
data have been collected in different environments. It enables therefore the investigation of 
most of the aspects that are expected to influence the coverage, as mentioned in the previous 
section. 

Figure 4-2 presents imagery in multiple frequency bands that is acquired in a single pass 
by the MUD system. It shows an upper band and lower band image from the LF-SAS MUD 
system, and a HF-SSS image. The high frequency image does not reveal any contrast difference 
of importance, whereas high scattering contacts are clearly observable in the LF-SAS MUD 
images in both frequency bands, which correspond to a deployed buried object. Another 
interesting observation is a larger variability in the background response in the lower frequency 
band compared to the higher frequency band of the MUD system. A similar observation has 
been presented by Sternlicht et al. with SSAM [10]. 

To illustrate that a multi-frequency system has a potential for collecting relevant 
information on the environment that is needed for coverage assessment during a target 
detection survey, georeferenced HF-SSS and LF-SAS imagery is shown in Figure 4-3. The 
images reveal that there is hardly texture visible on the HF-SSS imagery in the specific 
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environment where these images are collected, whereas high and low intensity patterns are 
observable on the LF-SAS imagery. The explanation is that the images were collected in an 
area with a seabed consisting of a mud layer with sand underneath. At low frequencies for 
which attenuation of sound in mud is not significant, the mud layer becomes acoustically 
transparent. At high frequencies, on the other hand, the attenuation of sound in the sediment 
becomes so high that the scattering from the water/mud interface, or from the volume just 
below the interface, becomes dominant. The differences in intensity in the LF-SAS imagery 
are attributed to wave ripples on the mud-sand interface. The area in which the data are 
collected is a former tidal estuary, which has been closed-off from the sea by a dam for which 
construction was completed in 1971. Since then, the mud layer has been formed due to fluvial 
deposition. The mud/sand interface still has features, such as wave ripples, related to the tidal 
characteristics in the past. The straight sharp line in the LF-SAS image with high scattering is 
attributed to the presence of gas in the sediment caused by anchor drag in the past. 

 

Figure 4-2: Imagery that is simultaneously obtained with the MUD system in different 
frequency bands: LF-SAS image – lower band (left); LF-SAS image – upper band (center); 
HF-SSS image (right). 

The interpretation above is further supported by the corresponding interferometric height 
estimates (Figure 4-4) that are derived both from the HF-SSS and LF-SAS images. The 
interferometric height estimates reveal that they are different for HF-SSS and LF-SAS images. 
For HF-SSS, dominant scattering occurs at the water/mud interface, or close to this interface. 
As a consequence, the HF-SSS interferometric result is interpreted as being the water/mud 
interface. For LF-SAS, on the other hand, dominant scattering is expected to occur at the 
mud/sand interface. This is indeed confirmed by the LF-SAS interferometric height estimates.  
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Figure 4-3: Georeferenced images obtained with the HF-SSS (top layer with blue-yellow-red 
color scale with high intensity in red) and with the LF-SAS system (black-red-yellow, with 
high intensity in yellow). A contact corresponding to a proud object is clearly visible in the 
HF-SSS image layer (left). It has a more compact high-intensity footprint in the LF-SAS image 
layer (right). The LF-SAS image layer furthermore shows that the environmental response in 
this frequency band is completely different from the HF-SSS. 

 

 

 

Figure 4-4: LF-SAS and HF-SSS interferometric height estimates corresponding to the same 
area as the intensity data in Figure 4-3, and a representative cartoon to illustrate the situation 
[19]. The HF-SSS interferometric height estimates are interpreted as the height of the 
water/mud interface and are shown in purple. The bottom layer corresponds to the LF-SAS 
interferometric height estimates. At low frequencies, dominant scattering occurs at the 
mud/sand interface. Note that the LF-SAS and HF-SSS interferometric height estimates are 
identical for the proud object. 

Proud object 

Proud object 

Proud object 
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Figure 4-5: Downlooking image below the sonar, obtained with the upper band of the MUD 
LF-SAS system. The mud layer in the depth range between 10.5 and 11.5 m is also observable 
in the downlooking configuration. 

Note that the LF-SAS and HF-SSS interferometric height estimates are similar for the 
surface contact for which corresponding intensities are shown in Figure 4-3. 

Downlooking measurements obtained in this environment are presented in Figure 4-5. In a 
downlooking configuration, or by using a sub-bottom profiler as an auxiliary sensor (which 
should not interfere with the primary sensor), information on layering of the seabed can be 
obtained. Reflection of sound at the water/mud interface and at the mud/sand interface can be 
observed in this image, supporting the interpretation of the LF-SAS and HF-SSS 
interferometric height estimates. 

A last example of the MUD system in this environment presents again imagery of the lower 
and upper band of the LF-SAS system, together with the corresponding interferometric 
coherence (Figure 4-6). Interferometric coherence is a metric that indicates the similarity 
between the observations made at the two sub-arrays that are used to derive interferometric 
height estimates [20]. Interferometric coherence is a normalized cross-correlation, which is 
equal to 1 when waveforms are identical. It decreases when waveforms are decorrelated. A 
high value indicates that a single scatterer is dominant in the range window that is being 
considered. A lower value indicates that multiple scattering mechanisms are of importance. 
This causes interference patterns and, as a consequence, decorrelation of the recorded signal 
on the two sub-arrays. 

 

Water/mud interface 

Mud/sand interface 
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Figure 4-6: LF-SAS images and the corresponding interferometric coherence. The left two 
panels are the lower band, the right two images the upper band. 

The interesting observation is that a high interferometric coherence is obtained for the lower 
band of the LF-SAS system, whereas the interferometric coherence rapidly decreases with 
range on the higher band. This suggests that attenuation of sound in the mud layer starts to 
become significant in the upper band of the LF-SAS system. Compared to the lower band, the 
scattering received from the mud/sand interface is, according to the interferometric coherence 
metric, not dominant any more at longer ranges. 

The examples presented in this section illustrate that the MUD system use case enables to 
investigate both range and depth coverage assessment in a downlooking and sidelooking 
configuration. Furthermore, the system covers a frequency range that is sufficiently broad such 
that frequency diversity in the environmental response can be observed. The data products 
obtained with the MUD system suggest that relevant information may be obtained to aid 
coverage assessment. It is anticipated, though, that this will strongly depend on the 
environmental conditions that are encountered, i.e. the concepts presented in this section may 
only be applicable to this specific environment. The application of the coverage assessment 
methodology introduced in Chapter 3 therefore requires a more generalized description on 
which information is required for coverage assessment in different environmental conditions, 
and how this information can be obtained. This will be discussed in the next Chapters for the 
different relevant terms in the sonar equation. 

 

5 Target in environment response 

This Chapter discusses the Target In Environment Response (TIER). First, target scattering 
will be discussed in Section 5.1. Section 5.2 then combines the target scattering with 
propagation to obtain the TIER in different environments, because the propagation of sound 
into the seabed heavily depends on the seabed conditions. Section 5.3 subsequently discusses 
methodologies how to obtain the TIER including the effects of processing. 
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5.1 Target scattering 

The amount of target scattering is an essential part in determining the target in environment 
response and depends on properties of both the target and the surrounding environment and on 
the used sonar pulse. The target scattering is determined by how the target oscillates as a result 
of an impinging acoustic pulse and by how these oscillations are radiated. Both can be 
described using structural acoustics [21]. 

The oscillations of an isotropic elastic solid due to an impinging load can be derived from 
the wave equation: 

ሺ𝐶௜௝௞௟𝑢௞,௟ሻ,௝ ൅ 𝜔ଶ𝜌௦𝑢௜ ൌ 𝐹௜  (5.1) 

where 𝐶 denotes the elasticity tensor, 𝑢 the displacement of the solid particles, 𝜔 the angular 
frequency, 𝜌௦ the density of the solid and 𝐹 the load on the solid. 𝑖, 𝑗, 𝑘, 𝑙 are indices in the 
range 1,2,3 for which the summation convention is used for repeated indices and ሾሿ,௝ represents 
differentiation in 𝑗. 

For elastically isotropic materials the elasticity tensor simplifies and depends only on the 
Lamé parameters, 𝜇 and 𝜆, which are related to the longitudinal and transverse sound speeds 
via: 

𝑉ୱ୭୪୧ୢ,௅ ൌ ඥሺ𝜆 ൅ 2𝜇ሻ 𝜌௦⁄  (5.2) 

𝑉ୱ୭୪୧ୢ,்  ൌ  ඥ𝜇 𝜌௦⁄  (5.3) 

 

This means that the density and longitudinal and transverse sound speeds of each material 
are required to determine the target scattering. By using complex sound speeds this can be 
slightly extended to include damping as well. Together with the internal design, shape and size 
of the target these are the target properties that are relevant for determining target scattering. 
Note, that it is generally assumed that different materials in the target are assumed to be 
perfectly coupled meaning that there is continuity of displacement and stress across the 
interface. Naturally, the excitation of the target by the incident acoustic field also affects the 
scattering level. The incident acoustic field results from both the used sonar pulse (amplitude, 
frequency, aspect and elevation angle) and the propagation of the pulse from the sonar to the 
target as described in the section above. 

The pressure in the surrounding fluid, Ω௙, as a result of the target oscillations is given by 
the Helmholtz wave equation, which describes the solid-fluid interaction: 

∇ ∙ ൭
1

𝜌௙ሺxሻ
∇𝑝ሺxሻ൱ ൅

𝑘ଶ

𝜌௙ሺxሻ
𝑝ሺxሻ ൌ 0,    x ൌ Ω௙  (5.4) 

where 𝜌௙ denotes the fluid density, 𝑝 the pressure in the fluid at position x and 𝑘 ൌ  𝜔 𝑐௙⁄  the 
wavenumber. 

Note that it is assumed that the medium is treated as an unbounded fluid domain, where the 
Sommerfeld radiation criterium must hold at infinity. The variables that are of importance for 
the radiation part of the target follow directly from the Helmholtz equation and are the sound 
speed and density of the surrounding medium such as water, mud or sand. 

To summarize, the target scattering strength depends on the following parameters: 
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 Incident acoustic field which results from a combination of the sonar pulse (amplitude, 
frequency, aspect and elevation angle) and environmental parameters that affect the 
propagation of the sonar pulse to the target (a.o. sound speed, range). 

 Target properties: shape, size, internal design and densities and complex longitudinal 
and transverse sound speeds of each material. 

 Properties of the surrounding medium: density and sound speed. 

 Frequency 

The effects of some of these parameters on the target strength can be quite severe as is 
demonstrated by several measurements [22][23]. Figure 5-1, for example, shows the TIER for 
three different targets, an aluminum UXO, a steel UXO and a solid steel artillery shell, 
measured in a fresh water pool [22][23] as a function of frequency and azimuthal angle. A clear 
variation with both frequency and azimuthal angle can be observed. Two elements that stand 
out are the high target response at broadside (90° and 270°) and the constructive and destructive 
interference effects at different frequencies. Furthermore, the influence of target properties 
becomes immediately clear when comparing all three TIERs. 

 

Figure 5-1: Measured target in environment response (TIER) as a function of frequency and 
aspect angle for an aluminum UXO (left), an steel UXO (middle) and a solid steel artillery shell 
(right). Here 90° and 270° represent broadside and 0° the nose of the target [21][23]. 

Another interesting possible effect on target scattering is the state of target. Bucaro et al. 
[2] measured two different targets after they had been exposed to severe biofouling and after a 
thin corrosion layer had formed. Figure 5-2 shows the effect of 16 weeks of biofouling on a 
155 mm shell, which is filled with an epoxy resin. The TIER level is slightly lower for some 
frequencies and angles towards a maximum deviation of 5 dB. However, the main pattern of 
the acoustic color image remains the same after the target has been exposed to biofouling. The 
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effects of corrosion (not shown here) have been measured as well. They do not influence the 
general pattern observed in the acoustic color of the object in the frequency band that is 
considered. 

When looking at the operational use of TIER for coverage assessment, there are different 
ways to determine the target strength (TS) of relevant objects which vary in detail and 
computational demand. The first and easiest way to include the target response when searching 
for a specific object is to use an empirically derived target scattering level, which can possibly 
be a function of frequency as well. Secondly, the target of interest can be simplified to a shape 
for which an analytical solution is known such as sphere or a cylinder [24]. This requires a low 
level of computational power and variations with frequency and orientation can be taken into 
account. However, an amount of detail that can be essential for classification is lost due to 
simplification of the target. The third method for calculating TS is to use finite element 
modeling (FEM) to solve the wave and Helmholtz equations for a given incident acoustic wave 
and a given target. Most targets have a distinct TS pattern depending on frequency and aspect 
angle as presented in the figures in this section. With FEM these distinct patterns can 
significantly increase classification performances if data at sufficient frequencies and aspect 
angles is collected. There are two different flavors when using FEM to compute TS: 2.5D 
modelling of axisymmetric targets [25] and full 3D modeling [26]. Full 3D modeling has the 
obvious advantage that targets of any shape can be included, though at the cost of high 
computational cost. Selecting which method is the most relevant depends on the performance 
and time constraints of the operation. Naturally, the dependency of the TS computation, and 
thus of the coverage assessment, on the target properties changes with the selection of the TS 
method. 

 

Figure 5-2: Measured target in environment response (TIER) for a clean (left) and bio-fouled 
(right) shell filled with epoxy resin [2]. 
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5.2 Seabed conditions and target in environment 
response 

The previous section primarily focus on the target scattering. To obtain TIER, the seabed 
conditions and the corresponding impact on TIER need to be considered as well. This will be 
discussed for three different scenarios with different seabed conditions (Figure 5-3): 

1. A muddy seabed; 
2. A sandy seabed: 
3. A layered seabed. 

 

5.2.1 Target in environment response in muddy seabed 

In a muddy seabed, the sediment predominantly consists of fine-grained sediment (silt, clay). 
Geoacoustic parameters that are commonly used as default values for these sediments, e.g. 
[18], indicate that the sound speed and density ratios between the sound speed in water and the 
compressional sound speed in the sediment is close to one. As a consequence, there is hardly a 
loss in the intensity at the water/mud interface and there is no critical angle of incidence. 
Volume scattering and absorption of sound in the sediment are important processes to consider 
for the coverage assessment, in addition to the target scattering response itself in a frequency 
band of interest. 

For volume scattering, sound speed and absorption, large variability may be encountered in 
soft sediments due to the presence of gas bubbles. This occurs especially in the frequency range 
between 1.5 and 25 kHz in which gas bubbles are excited at resonance. The variability is 
attributed to the highly variable spatial distribution of bubble volume and bubble size 
distribution [27]. Using a through-the-sensor approach, it can be determined whether volume 
scattering is important. It is, however, much more difficult to estimate the corresponding effect 
on sound speed and absorption without conducting additional measurements based on the 
analysis of cores, which provide information only at specific locations. 

5.2.2 Target in environment response in sandy seabed 

A sandy seabed predominantly consists of coarser sediments compared to a muddy seabed. As 
a consequence, the sound speed and density ratios are larger, resulting in regimes with grazing 
angle above and below the critical angle of incidence. In both regimes, the detection of buried 
objects has been demonstrated [28]. 

For grazing angles above the critical angle of incidence, geoacoustic parameters are needed 
to estimate the transmission of sound into the seabed, the distance to be travelled within the 
sediment, and the absorption of sound in the sediment. 

For grazing angles below the critical angle of incidence, information on sand ripple 
properties are required to make inferences on the detectability of a buried UXO object. The 

Figure 5-3: Cartoon illustrating mechanisms relevant to target in environment response for
different seabed conditions: mudday, sandy and layered. 
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SNR of the buried spheres observed at low grazing angles was reduced compared to the above-
grazing angle detections [28]. 

5.2.3 Target in environment response in layered seabed 

In a layered seabed, for example a seabed with a layer of fine sediments, with coarser sediments 
underneath, the TIER becomes more complex. When the impedance contrast between sediment 
layers is significant, such as in the examples as presented in Chapter 4, not only the direct path 
to the target needs to be taken into account, but also the paths that reflect at the interface 
between the different sediment layers, e.g. the mud/sand interface. This problem is also 
encountered for proud objects on the water/sand interface, and the effects have been thoroughly 
reported by Williams et al., [22]. Another complexity that may be encountered are higher-order 
TIER responses, in which more complex interactions between UXO object and sediment 
interface are taken into account [29]. 

To estimate TIER in a layered sediment, properties on sound speed and attenuation of the 
individual sediment layers need to be available. 

5.3 Effect of processing 

To assess the effect of processing on TIER, synthetic data can be generated for a variety of 
objects using one of the (potentially compute intensive) methods mentioned previously, after 
which the data can be put through the processing chain for evaluation. 

A simple example of this is modeling a single track of synthetic data for a series of point 
scatterers. Note these are omnidirectional, so there is no amplitude variation with aspect and 
elevation angle. In the example, the scatterers are positioned in water (no sediment) at 10-15-
20-25-30 m across-track distance and at a depth of 13 m. Subsequently, a generic volumetric 
SAS processing flow is applied including matched filtering. A depth slice and cross-line 
through the location of the objects are displayed in Figure 5-4. The effect of matched-filtering 
and acquisition angle (aperture) limitations can be assessed from the images. 

 

 

Figure 5-4: Depth slice (top) and cross-line (bottom) through the location of five point 
scatterers, after generic volumetric SAS processing. 
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The images presented in Figure 5-4 show that a generic sidelooking SAS system has a high-
resolution in a horizontal plane, which means that individual scatterers can be resolved within 
a resolution cell [30]. There remains, however, an ambiguity in the vertical plane. The point 
scatterer response function shows that in this plane, individual scatterers cannot be fully 
resolved at larger across-track ranges. 

This does not mean that the depth of scatterers cannot be determined. As indicated in 
Chapter 4, interferometric processing can be used to estimate the 3-D position of a scatterer. 
This requires, however, that a single scatterer is dominant in a specific range window. 

Downlooking systems more easily achieve a higher depth resolution, because resolution is 
then mainly provided by the time resolution, and is further supported by the source and receiver 
beampattern. 

6 Environmental response 

The main terms in the sonar equation (3.2), which determine Signal Excess SE are the Target 
Echo Level TEL∗, the Background Level BL∗, and the Detection Threshold DT. The first and 
last terms are dealt with in Chapters 5 and 7, respectively. This Chapter focuses on the 
Background Level, including the Processing Gain. 

‘Background’ is a collective term for all contributions to the received sound, caused by or 
influenced by the environment. Emitted signals have a specified frequency content and duration 
and are inherently shaped by transmitter characteristics. After transmission the signals 
propagate through the medium, traversing various paths, reflecting and scattering at any 
encountered surface or volume. Each of those interactions results in a loss of energy. At the 
receiver, the returning signal can be measured, influenced by all the aforementioned 
environmental interactions. Beside the actual signal to be measured, additional sound can be 
part of the received signal, caused by various external noise sources. 

Four terms contributing to the total Background Level are dealt with below: reflection, 
reverberation, multipath contributions to reverberation, and noise. 

6.1 Reflection 

In downlooking mode, reflection from the seabed-sediment interface and interfaces between 
deeper sediment layers is dominant. The fraction of pressure from an incident wavefield 
reflected back is described by the reflection coefficient. It is dependent on the contrast in 
density and propagation velocity between the layers. For normal incidence, the reflection 
coefficient 𝑅 is defined as follows ([31], Eq. VII-5a), 

𝑅 ൌ
𝜌ଶ𝑐ଶ െ 𝜌ଵ𝑐ଵ
𝜌ଶ𝑐ଶ ൅ 𝜌ଵ𝑐ଵ

 (6.1) 

in which 𝜌 is density and 𝑐 is propagation velocity, and the subscripts 1 and 2 refer to upper 
and lower layer, respectively. 

In sidelooking mode, the incident wavefield will arrive at an angle 𝜃 with respect to the 
layer normal. The angle-dependent reflection coefficient 𝑅ሺ𝜃ሻ is given by ([31], Eq. VII-9b), 

𝑅ሺ𝜃ሻ ൌ
𝜌ଶ𝑐ଶ cos𝜃  െ 𝜌ଵඥ𝑐ଵ

ଶ െ 𝑐ଶ
ଶ sinଶ 𝜃

𝜌ଶ𝑐ଶ cos𝜃 ൅ 𝜌ଵඥ𝑐ଵ
ଶ െ 𝑐ଶ

ଶ sinଶ 𝜃
 (6.2) 
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Note that this equation describes the specular reflection at the interface, not the non-
specular backscatter that may occur at layer interfaces or within a layer. Also, wave conversion 
into different modes is neglected. 

The reflected signal is a band-limited response; whether individual layers can be discerned 
depends on the center frequency and bandwidth. If dominant wavelength is defined as the 
distance between successive principal troughs of the wavelet, a common resolution criterium 
for minimum separation between layers is dominant wavelength divided by eight [32]. 

6.2 Reverberation 

Emitted sonar signals interact with encountered volumes and surfaces. This leads to various 
forms of absorption, scattering and reflection. Ainslie defines reverberation as “the sound 
originating from the sonar transmitter and subsequently scattered by underwater boundaries 
and obstacles other than the target, before arriving back at the receiver” [18]. Hence, the sonar 
system not only receives responses from targets of interest during a survey, but also unwanted 
responses from the sea surface, the sea floor or the water column. All these interfering, 
undesired responses are called reverberation. Two types of reverberation are distinguished: 

 surface reverberation, referring to sound scattering at a surface. In a layered shallow 
water environment, surfaces of interest are the top layer at the sea floor, a lower layer 
in the sea sediment, or the sea surface. The roughness of the surface (and the used 
frequency) plays a key role in the amount of surface reverberation. 

 volume reverberation, which is caused by inhomogeneities in the medium. Suspended 
solid particles, air bubbles or marine life can contribute to the volume reverberation. 

In a mud-sand layered environment, the main contributors to reverberation are fourfold: the 
scattering a the top layer of mud, volume scattering from the mud (due to heterogeneity), 
scattering from the surface of the sand below the mud, and volume scattering from the sand 
layer. Those are schematically shown in Figure 6-1. At low frequencies, the mud layer has a 
low impedance contrast compared to the mud/sand interface, and hence its contribution to 
reverberation is less prominent. Dominant scattering in LF-SAS originates from the mud-sand 
interface in contrast with HF-SAS and HF-SSS, as illustrated in Figure 4-2. At higher 
frequencies, absorption of sound in the mud layer becomes significant. 

 

Figure 6-1: An overview of the main sources of reverberation due to scattering from layered 
volumes. 

Although reverberation can be a nuisance in detection targets of interest, it also can be 
useful in remotely measuring the properties of the sea bed. In [19], a model of the sea floor is 
presented, where the sediment is treated as a fluid with a frequency-dependent effective 
density, and with volume heterogeneity included. The model is capable to deal with layers of 



 

 

27 

 

mud and sand, and can predict surface and volume scattering effects, as shown in Figure 6-1. 
Williams provides a detailed model-data comparison, dealing with many unknowns. Ivakin 
presents a different modeling approach, which provides a fast first-order estimation of 
midfrequency (1-10 kHz) volume reverberation in complex shallow water environments [33]. 

Note that the contribution of the diverse scattering mechanisms is not the same at each 
given distance. The amount of sound penetrating into the mud and/or the sand layer is limited 
by the angle of incidence. Due to the velocity contrast, the angle of refraction can differ from 
the angle of incidence at the border of two media, following Snell’s law 

sin𝜃ଶ
sin𝜃ଵ

ൌ
𝑣ଶ
𝑣ଵ

 (6.3) 

where 𝜃ଵ and 𝜃ଶ are the incident and refracting angle (w.r.t. to the normal), and 𝑣ଵ and 𝑣ଶ are 
the velocities in the first and second medium. When travelling to a medium with a higher 
velocity, there exists a critical angle 𝜃ୡ,ଶ at which the wave no longer couples into the second 
medium, but travels along the surface. Increasing the incidence angle results in total reflection. 
The critical angle is defined as 

𝜃ୡ,ଶ ൌ sinିଵ
𝑣ଵ
𝑣ଶ

 (6.4) 

with the constraint that 𝑣ଶ ൐ 𝑣ଵ. 

Figure 6-2 shows a few propagation paths, increasing the incidence angle from water to mud 
from 0° upwards. The critical angles of the mud/sand (2) and the water/mud (1) interfaces are 
shown in orange and purple, respectively. At incidence angles larger than those two critical 
angles, sound no longer penetrates into the sand, or even into the mud, respectively. This 
implies that buried objects at ranges corresponding to those incidence angles, are no longer 
ensonified, and hence cannot be detected. Critical angles have also been dealt with in 
Section 5.2. 

 

Figure 6-2: An overview propagation paths as function of incidence angle, with the two 
relevant interfaces water-mud (1) and mud-sand (2). 
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6.3 Multipath 

The performance of sonar systems in relatively shallow water is limited by the effects of 
multipath interference. The recorded signal is not only the response of the direct path (source 
– bottom – receiver), but contains also signals due to various reflections and scattering at the 
water surface and sea bottom. As a result, the incoming waves interfere with each other, 
degrading the quality of the resulting image. The effects of multipath can be observed in sonar 
imagery as ‘ghosts’, and as a decrease in image contrast (shadows are filled in) [20][34]. Other 
types of sonar data processing also suffer from image degradation due to multipath, as 
interferometric imaging, due to a lower spatial coherence, leading to lower quality 
bathymetries [30][34][35], and Synthetic Aperture Sonar (SAS) processing, due to a decrease 
in the correlation of pings (in other words, with a lower temporal coherence) needed for 
estimating the platform’s micronavigation [36][37][38]. 

As an example, a series of 7 paths with an identical path length (here eight times the water 
depth) is shown in Figure 6-3. Only those paths are shown which arrive at the receiver from 
the sea floor (i.e. below the horizontal line). Each path is labelled in accordance with the 
encountered reflection or scattering. A ‘B’ means a non-specular scattering at the bottom, a ‘b’ 
means a specular reflection at the bottom; similarly the ‘S’ and ‘s’ stand for a non-specular 
scattering and specular reflection at the surface, respectively. Note that the paths ‘bsB’ and 
‘Bsb’ coincide, but with a different wave travel direction, and hence a different arrival angle. 
In sonar processing, all those contributions with the same travel time add up, and are mapped 
at a position corresponding with the direct path. 

 

Figure 6-3: The wave paths of the main multipath contributors, with the same two-way path 
length. Only those paths are shown which are incoming from below the receiver (denoted by 
the circle quadrant). The variables ‘a’ and ‘d’ represent the source/receiver depth and water 
depth, respectively. Labels are explained in the text of Section 6.3. 

The influence of multipath increases with range, which is illustrated in Figure 6-4. This 
figure shows the arrival angles (w.r.t. the horizontal plane) of the incoming waves. For slant 
ranges below the altitude of the source/receiver, obviously no bottom signal can be obtained. 
Up to double the water depth minus the source depth, three paths can be present (‘B’, ‘sB’ and 
‘Sb’). Note that the latter two are caused by a source signal that travels upward from the source 
towards the surface. Proper shaping of the source beam pattern and orientation can reduce those 
paths, and hence mitigate their corresponding multipath effects. After double the water depth, 
four additional paths can be present (‘bsB’, ‘bSb’, ‘Bsb’ and ‘sbsB’). Appropriate beamforming 
can reduce the influence of some of those paths, but as can be seen in Figure 6-3 and Figure 
6-4 (around a slant range of 4 times water depth), the arrival angles of the incoming ‘B’, ‘sB’, 
‘bsB’, and ‘sbsB’ are almost indistinguishable. 
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Figure 6-4: The arrival angles of the same contributors as in Figure 6-3, as function of the slant 
range of the direct path. The variables ‘a’ and ‘d’ represent the source/receiver depth and water 
depth, respectively. Labels are explained in the text of Section 6.3. 

 
The influence of multipath on the sonar imaging depends on several factors: 

 Water depth. This is one of the primary factors which influences the occurrence of 
multipath. Shallow water leads to a short range without multipath echoes, as can be 
seen in Figure 6-4. The most contributing multipath echoes (second-order ‘bsB’, 
‘bSb’ and ‘Bsb’) can be found at ranges larger than twice the water depth [20]. 

 Sea state and weather. All multipath echoes contain at least one (non-)specular 
reflection at the water surface. A rough surface leads to a more dampened and 
smoothened scattering effect. However, the impact of specular reflections is 
increased when the sea surface acts as a mirror, that is, when the surface is smooth 
and flat. Scattering and reflection at the sea surface is worst at windless weather 
conditions or very low sea states, as illustrated in Figure 6-5 for a high-frequency 
SAS image. 

 Sediment properties. The scattering at the sea bottom affects not only the direct 
echo, but also the higher-order multipath signals contain scattering and/or 
reflections from the sea floor. 

 

6.4 Noise 

In addition to source-generated noise (reflection, reverberation, multipath), other noise sources 
not related to the active sonar transmission may have to be considered as well in coverage 
assessment. It includes ambient noise, electronic noise, flow noise, shipping noise (engines). 
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(a) 

 

 

(b) 

 

Figure 6-5: An example of two SAS images of the same area and with the same settings, only 
taken in different wind conditions: wind speed of (a) 13 m/s and (b) 4 m/s. Source: [20] 

 

7 Signal-to-background ratio and detection threshold 

The difference between TIER of simulation results, in which the effect of processing is taken 
into account, and the measured background response yields an estimate for the signal-to-
background ratio (SBR), which is also often referred to as the signal-to-noise ratio (SNR), for 
an object of interest. 

The TIER examples presented in Chapter 5 show that the target strength of UXO objects 
generally has significant variations with frequency and with aspect angle and target orientation. 
To make inferences on the detectability of these objects, this variability needs to be taken into 
account. 

 The procedure to take variability with frequency into account depends on the detector 
that is used. When a detector, such as an energy detector, operates in the entire 
frequency band, the variability with frequency is not explicitly taken into account in the 
detection process. A sub-band detector, on the other hand, in which detection is 
considered in individual frequency bands independently, is a natural procedure to take 
variability with frequency into account. Individual sub-bands should be chosen such 
that matched filter gain is sufficient for mitigating reverberation and noise. 

 Different target orientations and illumination from specific directions – it is assumed 
that straight tracks are sailed in an UXO detection survey, which means that a limited 
range of aspect angles are covered – result in differences in the observed target echo 
level. To assess the detectability of an UXO object at a specific location, different UXO 
orientations and illumination therefore have to be considered. 
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According to the definition of the detection threshold DT, it is the SBR at which a 
probability of detection of 0.5 is achieved at an acceptable false positive rate. In addition to the 
variability in TIER, the background needs to be considered as well to establish a DT. In areas 
with variability in the background response, as in Figure 7-1, it is first required to segment the 
area into different regions. In the example presented below, the DT in segment I will be lower 
than in segment II, because, at a certain threshold, the number of contacts in area I will be lower 
compared to the number of contacts in segment II. 

 

Figure 7-1: Example of LF-SAS image with variability in the background. The image is 
divided in two segments with different background statistics, and consequently a different 
detection threshold. 

 

In downlooking configurations, reflections at the seabed and sub-surface layers can introduce 
large intensity variations. Image processing techniques to suppress the reflections and dynamic 
gain corrections are commonly used as pre-processing prior to the detection [6]. The potential 
of these techniques should be included process of assessing the detectability of buried objects, 
and thus in the coverage assessment for buried object sonar systems that operate in a 
downlooking configuration. 

8 Environmental assessment 

8.1 Introduction 

8.1.1 Problem statement 

To illustrate the need for environmental information as input to coverage assessment, an 
example is provided from an experiment conducted near Gdynia in Poland. In the data example 
provided, the TIER of two identical scientific cylinders, referred to as NL-REF, is considered. 
One of the deployed objects was proud, the second one was buried in sandy sediment at 
approximately 0.3 m depth. LF-SAS images for the proud and buried objects are presented in 
Figure 8-2, the corresponding maximum signal-to-reverberation ratio in Figure 8-3. 

The following can be observed: 

1) For the proud object, the SRR increases with across-track range, whereas the buried 
object cannot be detected at long ranges. An explanation for the increased SRR for the 
proud object is that the backscattering strength of the sediment decreases with grazing 
angle. The buried object cannot be detected when the grazing angle becomes smaller 
than the critical grazing angle. 

I II 
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Figure 8-1: Photograph of NL-REF targets. 

Proud reference cylinder 

 
Reference cylinder at 0.3 m depth 

Figure 8-2: Example of LF-SAS images for a proud object (NL-REF) and the same object 
buried at 0.3 m depth. The vertical axis shows the across-track range, respectively 18, 28, 38 
and 58 meter for the proud cylinder, and 19, 29, 39 and 47 meter for the buried cylinder. 

 

   

Figure 8-3: Maximum SRR for the proud and buried objects shown in Figure 8-2. 
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2) For the proud object, the TIER itself does not show significant variability with across-
track range between different runs, except the image corresponding to the longest range. 
This difference is caused by some defocusing in the LF-SAS imaging.  

3) For the buried object, the intensity of the TIER reduces with range. This is attributed to 
the longer path length of the sound in the sediment and the corresponding increased 
absorption. 

This example illustrates that the acoustic seabed conditions have a large impact on the 
performance on the detection performance against buried UXO vs range. Beyond the critical 
angle, the data do not provide any indication that a buried UXO object is present. As a 
consequence, information on the acoustic seabed properties is considered as essential input for 
the assessment of UXO detection surveys. The goal of this section therefore is to identify 
acoustic seabed classification techniques that can be used to determine the relevant acoustic 
seabed properties to enable coverage assessment. 

8.1.2 Research questions 

It is anticipated that an acoustic system designed to be capable to detect and localize buried 
UXO objects also has capabilities to collect information on geoacoustic seabed properties. This 
has several benefits: 

(i) Information on geoacoustic seabed properties is then obtained in the entire survey 
area. 

(ii) No additional data acquisition efforts (and time) would be required to collect the 
environmental information.  

The research question therefore is: 

8.1.3 Approach 

To address the research questions, this section is organized as follows. Section 8.2 reviews 
literature on acoustic seabed classification. Section 8.3 investigates which information on 
acoustic seabed parameters can be obtained using a downlooking configuration. Section 8.4 
discusses whether information on acoustic seabed properties can be obtained from data 
acquired in a sidelooking configuration. Conclusions on acoustic seabed classification are 
drawn in Section 8.5 

8.2 Literature review on acoustic seabed 
characterization 

A wide variety of techniques exist to obtain information on acoustic seabed properties, often 
related to seabed classification [41][42][43]. Important parameters in the characterization of 
seabed sediments are the composition (grain size, density), the geometry (layer thickness, 
surface roughness), the sound speed (compressional, shear), and the sound absorption. These 
environmental parameters are important to determine parameters which quantify the sonar 
performance, e.g. the acoustic backscatter strength, critical angle and attenuation. When 
information on sediment properties, such as grain size or composition, is measured, it is 
common to use empirical relationships to make inferences on the corresponding acoustic 

Can relevant information on acoustic seabed properties be obtained from LF-SAS 
data, including data from supporting sensors, and if so, how? If not, are there suitable 
alternatives? 
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properties [18]. However, significant uncertainties remain in these relationships, because 
naturally occurring sediments are always composed of different grain sizes, and porosity may 
differ as well. 

Since most muddy sediments have very low shear speeds, they can be considered as fluid 
media. To characterize the behavior of the acoustic wave in a fluid medium, the plane wave 
reflection coefficient 𝑅ሺ𝜃ሻ is of main importance. This reflection coefficient depends on the 
sediment density 𝜌ୱୣୢ and sound speed 𝑐ୱୣୢ (combined in the acoustic impedance), and the 
attenuation coefficient 𝛼ୱୣୢ [18].  

Sound speed, density and attenuation are also strongly correlated with the sediment’s grain 
size. Empirical relations (third-order polynomials) for those parameters have been determined 
for various grain sizes, valid for frequencies above 10 kHz, and in the top few centimeters of 
the sediment layer. Those are listed in [18] (Table 4.17). Since the attenuation is approximately 
proportional to the frequency, the attenuation coefficient in terms of dB per wavelength 𝛽ୱୣୢ 
can be computed as 

𝛽ୱୣୢ ൌ 20 logଵ଴ ൬exp ൬𝛼ୱୣୢ
𝑐ୱୣୢ
𝑓
൰൰ (8.1) 

where 𝛼ୱୣୢ  is the attenuation in Np per meter, 𝑐ୱୣୢ  is the sound speed and 𝑓  is the 
frequency. The dimensionless term in the exponent can be regarded as the amount of 
attenuation per wavelength. Ainslie explains this as follows “Despite appearances, the symbols 
"Np/λ" and "dB/λ" both represent dimensionless units. This can be confirmed by inspection 
of Equation (8.1), the right-hand side of which is dimensionless. Therefore, so too must be the 
left-hand side. The paradox is resolved by realizing that the notation ‘dB/λ’  is used as 
shorthand for a decibel per wavelength which is the same as a decibel per meter multiplied by 
the wavelength in meters. In other words 1 "dB/λ" ൌ λ ൈ 1 dB/m, which is dimensionless” 
[18](Section 4.4.1.3, footnote 27). 

For lower frequencies, roughly between 1 and 10kHz, bulk geoacoustic parameters have 
been derived, representing the top few meters of the sediment. Sound speed and density are 
polynomial functions as function of grain size, and are also listed in [18] (Table 4.18). Since 
the attenuation coefficient 𝛽ୱୣୢ is approximately independent of the frequency, it can be scaled 
using only the sound speed. 

The uncertainties of the sound speed and density estimations are in the order of 1.5% and 
7.5% respectively, and the attenuation coefficient uncertainties are one order of a magnitude 
higher [18]. 

The critical angle 𝜃ୡ୰୧୲ at the interface between water and sediment, is defined as 

𝜃ୡ୰୧୲ ൌ cosିଵ ൬
𝑐୵
𝑐ୱୣୢ

൰ (8.2) 

where 𝑐୵ and 𝑐ୱୣୢ are the sound speeds in the water and sediment, respectively. At grazing 
angles smaller than this angle, total reflection occurs, meaning that all sound is reflected and 
nothing penetrates into the sediment. Effectively, this means that when the grazing angle 
becomes too small (i.e. increased ranges at fixed altitude), buried objects cannot be detected 
anymore, since they will not be ensonified. This has been described in Section 8.1, and 
illustrated in Figure 8-2 and Figure 8-3, where the buried object ‘disappears’ at larger ranges. 
This proves the importance of knowing the critical angle by measuring the underlying sound 
speeds, since this critical angle determines the maximum observation range. Note that if the 
sediment consists of multiple layers, a different critical angle exists between each distinct layer. 
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 Some of the relevant environmental parameters can be obtained by in-situ measurements, 
others require remote sensing methods [44]. An example of an experiment in which a multitude 
of methods has been applied is the SeaBed Characterization Experiment (SBCEX), which took 
place in an area called the New England Mud Patch in 2017. The experiment focused on 
understanding the underlying physics, quantifying estimation uncertainties, correlating 
observations and measurements, and assessing the performance of geoacoustic models [45]. 

In general, in-situ measurements from a limited number of sample points (taking grab 
samples or sediment cores or by diver inspection) offer the best opportunity for accurate 
information. The samples provide information on the sediment composition (grain size) and 
geometry (thickness, layering), and the measurement systems can be used to obtain sediment 
sound speed profiles as well [46][47]. However, these methods are time consuming, require a 
lot of effort, and ultimately provide information which is only accurate in a limited area around 
the sample points. Especially in environments with much spatial or temporal variability, using 
only in-situ measurements might be insufficient for a good characterization. 

Remote sensing methods are a way to obtain seabed information on a larger scale in any 
environment. Those type of techniques are commonly used for geoacoustic inversion, where 
measurement data is used to estimate the parameters of an underlying model of the water 
column and sediment. The majority of geoacoustic inversion techniques use data acquired in a 
bistatic geometry as input, and provide information on sediment layering [48]-[53], sediment 
density [50]-[52][54], water column and (depth- and frequency-dependent) sediment sound 
speed [50]-[56], and sediment attenuation [51][52][55]. 

Through-the-sensor systems are a subset of remote sensing systems. This type of system 
utilizes the same data collected for specific tasks (e.g. detection) to also characterize the 
environment, with the benefits that there is no temporal or spatial difference, and that no 
additional sensors are required. As a consequence, this type of systems contains mostly 
monostatic systems, e.g. sub-bottom profilers (SBP), single beam echosounders (SBES), 
multibeam echosounders (MBES) or sidescan sonars (SSS). 

Echosounders are downlooking systems based on analyzing the backscattered signal from 
the seabed. Sonar backscatter depends on the used acoustic frequency, the angle of incidence 
on the seabed and the geoacoustical and physical properties of the seabed. The magnitude and 
shape of reflected echoes from the water-sediment interface provide information on the 
sediment itself. Parameters which can be derived from the echoes are surface hardness and 
roughness, depending on the angle of incidence. Statistical and empirical models are used to 
perform the geoacoustic inversion ant to classify responses and thus characterize the seabed 
[57][58]. Hence, sub-bottom profilers [59][60], single beam echosounders [61][62], multibeam 
echosounders [63][64][65], and other types of echosounders [66] can be used for classification 
of the seabed. Although echosounder methods are capable in characterizing and classifying 
different types of sediment, this is only a distinction in terms of their acoustic signature. 
Assigning a physical meaning to the obtained sediment classes, leading to identification of 
individual sediment types, requires a validation with ground truth, i.e. in-situ data from grab 
samples or gravity cores [44][57][58][61]. 

Sidelooking sidescan sonar systems are often used for seabed mapping, especially when 
operating at higher frequencies. At lower frequencies, those systems can also be used for 
sediment characterization. However, compared to downlooking systems, these systems provide 
much more complex data, prone to multipath effects, scattering effects due to the more shallow 
angle of incidence, and reflection due to exceedance of the critical angle. Interpretation of 
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sidescan data for environmental assessment and characterization is more challenging than for 
downlooking systems. 

Since in-situ measurements require large efforts, providing accurate but spatially limited 
information, these are less suitable as a primary source for obtaining data for seabed 
characterization. However, they are invaluable for calibration and verification purposes. 

Remote sensing methods for bistatic geoacoustic inversion require well-separated source 
and receiver systems, a thorough scheme of measurements and sophisticated models in order 
to obtain sufficiently accurate data in an environment. Geoacoustic inversion is a topic on its 
own, focusing on the development of robust inversion methods, dealing with numerous 
inferences and uncertainties while avoiding nonuniqueness in the solutions. At the moment, 
those methods are less suitable for our desired operational approach. 

 
In the next sections, it is explored whether information on relevant acoustic sediment 

properties that are required for coverage assessment can be directly obtained using data 
acquired with an UXO detection systems. Such an approach would be of interest, since this 
would not require additional data acquisition time, and information on acoustic seabed 
properties would then become available in the entire survey area. 

8.3 Downlooking geometry for acoustic seabed 
classification  

A downlooking geometry is provided for by a downlooking sonar configuration, or by using a 
sub-bottom profiler as an auxiliary sensor. 

8.3.1 Sub-bottom profiling – layering & impedance contrast 

In the downlooking direction, sound waves travel predominantly perpendicular to the layering 
in the seabed. Hence the downlooking image offers the best resolution in the depth direction. 
Figure 8-4 gives an example of such an image. At around 10.6 m depth a reflection interpreted 
as the water/mud interface is visible, and at 11.4 m a reflection of the mud/sand interface. A 
slight decrease in layer thickness occurs of the mud with increasing along-track. 

 

Figure 8-4: Downlooking image below the sonar, obtained with the upper band of the MUD 
LF-SAS system, acquired in the Haringvliet environment. Layering of the seabed can be 
recognized, with a mud layer roughly between 10.6 and 11.4 m depth. The backscattering 
strength increases in the sand layer.  

 



 

 

37 

 

Amplitude variation of the reflector is related to change of contrast in impedance (the 
product of speed of sound and density), according to Eq. (6.1). It can be seen that the mud/sand 
interface is much brighter than the water/mud interface, from which it follows that the 
impedance contrast between water and mud is not so strong as that between mud and sand. 
Also, lateral variations in reflection strength are visible, suggesting slight changes of sediment 
properties along-track. It is, however, difficult to extract information on sediment sound speed 
directly from the impedance contrast, because the density contrast dominates the impedance 
contrast. A common approach therefore is to first characterize the sediment type, and 
subsequently use empirical relations to make inferences on the sediment sound speed. For this 
approach, it is common to use systems with a smaller opening angle, such as a single beam or 
multi-beam echo sounders (SBES/MBES), as discussed in the previous section. 

In this section, it is explored whether information on sediment sound speed can be inferred 
from diffractors. 

8.3.2 Sub-bottom profiling – diffraction 

Diffractions are the seismic response of small, but structurally relevant, elements in the 
subsurface, like small near surface scattering objects, or small scale faults, in general all objects 
which are small compared to the seismic wavelength. Arrival times of diffractions from objects 
buried into the sediment carry information about the sediment speed of sound. In for example 
[39], this property is used in a sub-bottom-profiler-like geometry to estimate sediment 
velocities in the deeper subsurface. In a shallow marine environment however, the majority of 
the propagation path of diffractions is spent in the water column. To investigate the potential 
of this technique in such an environment, first a simple 2D finite difference modeling was 
performed to obtain the response of a diffractor buried 0.4 m under a water-sand interface. 
Dominant frequency of the source pulse is 4 kHz, similar to the MUD system. Receivers were 
placed in the water half-space 8 m above the sand interface.  

Figure 8-5 (a) and (b) show the response at the receivers for sand with a compressional 
velocity of 1700 m/s and shear velocity of 500 m/s, and for 2000 m/s and 700 m/s, respectively. 
The dashed line indicates the arrival time if there is only water, aligned to the peak of the event 
at point of closest approach. Displays after flattening on the water arrival time are shown in (c) 
and (d). The arrival time difference builds with distance from the diffractor and with the 
velocity contrast. Also there is a small change of arrival time at the point of closest approach. 
Applying a monostatic imaging algorithm with a series of different sediment velocities, and 
observing the focusing of the imaged diffraction point could reveal the optimal sediment 
velocity. 

Figure 8-6 shows a field record with a diffraction of a buried object with known depth. The 
dashed line shows the arrival time based on only water velocities. The signal-to-noise makes it 
difficult to assess arrival time difference especially in the tails farther away from the diffractor, 
which are expected to be most sensitive to the sediment velocity. Moreover, the object may 
exhibit oscillations which may make it difficult to pick the location of the first cycle. The effect 
of sediment on arrival time would be larger for objects buried deeper, however for those the 
diffraction tails will be attenuated more quickly. Unfortunately in the field data most of the 
diffractions with clear tails are from non-buried scatterers. Therefore it was not considered 
opportune to investigate this method further. 
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a) b) 

c) d) 

Figure 8-5: Simulated recordings for a diffractor buried in sand with a low (a) and fast velocity 
(b), water arrival time snapped to peak shown with dashed line. Figures (c) and (d) are after 
flattening on water arrival time.  

 

Figure 8-6: Example from field data of a diffraction of a buried object. 
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8.4 Sidelooking geometry for acoustic seabed 
classification 

This section explores whether acoustic seabed parameters can be derived from multi-band 
backscattering measurements. It would be rather beneficial if this information can be obtained 
using the same system as used for the detection of buried UXO. Then, no additional 
measurements would be required to support the coverage assessment. It is, however, not 
straightforward to relate backscattering to acoustic seabed properties such as sound speed and 
attenuation, because interface roughness and inhomogeneities are the main contributors to 
backscattering. Based on observations in data acquired by the MUD system, introduced in 
Chapter 4, a concept has been developed to estimate the attenuation coefficient in a soft 
sediment layer. This concept will be developed and discussed in this section. 

Sediment sound speed and attenuation are important parameters for the coverage 
assessment. While sediment sound speed can be reliably inferred from information on the grain 
size of the seabed sediment, which is commonly available a priori or which could be derived 
from SBES/MBES acoustic seabed classification techniques, there are larger uncertainties in 
the sediment attenuation [18]. An additional complexity is that it is difficult to obtain reliable 
estimates of the attenuation of sound in seabed sediments without conducting dedicated 
measurements, either using in-situ recordings or wide-angle reflection survey data [47]. 

In this section, the feasibility of a through-the-sensor concept is explored to retrieve 
information on sediment attenuation, i.e. whether information on sediment attenuation can be 
derived from wideband back-scattering measurements. 

The idea originated from observations in back-scattering data in the Haringvliet estuary and 
Gdynia environments: 

‐ The Haringvliet site has a layered sediment. The seabed consists of a mud layer with sand 
underneath. As reported in Chapter 4, the backscattering mechanisms vary with frequency. 
At high frequencies ( > 100 kHz), sound does hardly penetrate into the seabed due to the 
high attenuation, and dominant scattering consequently occurs at the water/mud interface. 
At frequencies below 30 kHz, the mud layer appears to be acoustically transparent, 
resulting in dominant scattering at the mud/sand interface. This is confirmed by the 
interferometric height estimates. Water depth is around 10 m. 

‐ The Gdynia site has a sandy seabed. The water depth is larger compared to the Haringvliet, 
23 m. 

For these two environments, Figure 8-7 presents normalized back-scattering strength (BSS) 
versus slant range for different frequency bands below 30 kHz. The curves have been 
compensated for geometrical spreading loss. Figure 8-7 reveals that there are significant 
differences in BSS vs range between Gdynia and Haringvliet. For Gdynia, the BSS vs range 
shows a similar trend for all frequency bands, whereas there are significant differences in the 
BSS in the Haringvliet environment. In the Haringvliet environment: 

‐ the BSS slowly decreases with slant range for two upper bands (Band 3 and Band 4), 
whereas the BSS decreases more rapidly with slant range at the lower frequencies, 
especially for the lowest band. 

‐ The graph suggests that there is a transition in Band 2 from the rapid decrease at short 
ranges to the slower decrease at larger slant ranges. 
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‐ Note furthermore that backscattering at slant ranges beyond 22 m does not only contain 
direct-path contributions, but also paths that interfere with the sea surface. This explains 
the increase in normalized BSS at the larger slant ranges.  

 

  

Figure 8-7: Normalized backscattering vs slant range for different sub-bands for the 
Haringvliet (left) and Gdynia (right) sites. 

Ignoring multipath contributions, it is anticipated that there are two mechanisms that influence 
the change in BSS with slant range in the Haringvliet environment: 

1) The interface BSS varies with grazing angle. The general trend is that the BSS decreases 
with grazing angle 

2) The BSS of the sub-surface interface also varies with slant range due to an increased path 
length in the sediment. Due to attenuation of sound in the sediment, this results in an 
increased sediment transmission loss TLୱ. 

Assuming that refraction can be neglected in the mud layer, The change in BSS due to 
attenuation in the sediment can be expressed in terms of a transmission loss: 

TLୱ ൌ
2𝑅ୱ𝛼௦
𝜆

ൌ
2
𝜆

𝐻ୱ
ሺ𝐻௪ ൅ 𝐻௦ሻ

𝛼௦𝑅, (8.3) 

with 𝑅 the slant range; 𝑅ୱ the path length travelled in the sediment layer; 𝐻ୱ the thickness of 
the sediment layer; 𝐻௪ the height of the water column below the sonar; 𝜆 the wavelength, and 
𝛼௦ the attenuation of sound in the sediment, expressed in dB/𝜆. The corresponding trend with 
slant range caused by sediment attenuation is: 

dTLୱ
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Consequently, sediment attenuation can be expressed as: 

 

𝛼௦ ൌ
ሺ𝐻௪ ൅ 𝐻ୱሻ

𝐻௦

𝜆
2

dTLୱ
d𝑅

 . (8.5) 

The remaining question now is how to obtain the variation in the sediment transmission loss.  
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Figure 8-8 shows again the Haringvliet BSS vs slant range, with linear curves fitted through 
the BSS data vs range. The steep curves follow the short-range trend in BSS of the two lower 
bands. It is hypothesized that the dominant scattering at these frequencies corresponds to the 
sub-surface interface. According to this interpretation, the curves contain both the changes in 
interface scattering and transmission loss in the sediment vs slant range. At larger slant ranges,  

 

Figure 8-8: Normalized backscattering vs slant range for the Haringvliet site, with curve fits 
superimposed. The steep curves are interpreted to correspond to the BSS from the sub-surface 
interface. The smaller decay with slant range is related to the interface scattering at the 
water/mud interface. At slant ranges beyond 20 m, the interpretation of the data becomes 
increasingly complex due to multipath contributions. 

the decay in BSS vs range follows the same trend as observed in Band 3. Our current 
interpretation is that at larger ranges and higher frequencies, the interface scattering at the 
water/mud interface becomes dominant.  

Assuming that the trend in interface scattering vs slant range is similar for the seabed and 
the sub-surface interface – which is a fair assumption because the main variations with range 
are introduced by the change in the grazing angle – it is possible to separate the subsurface 
interface scattering term from the sediment transmission loss:  

 

 
dTLୱ
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ൌ െ ൤൬
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Where the subscript A corresponds to the linear curve with fast decay with range due to 
sub-surface interface scattering and transmission loss in the sediment, and the subscript B 
corresponds to the linear curve interpreted to correspond to interface scattering at the 
water/mud interface only. 

Based on the straight line fits in Figure 8-8, dTLୱ/d𝑅 ൌ  2.3; using 𝜆 ൌ 0.125 m; 𝐻௪ ൌ
10 m; 𝐻௦ ൌ 1 m, this results in the following estimate for the sediment attenuation: 𝛼௦ ൌ 1.6  
dB/𝜆. This value is compared to empirical values which list the attenuation coefficient for 
different representative grain sizes [18] (Figure 8-9). This comparison reveals that the 
estimated attenuation coefficient is high. Ainslie, 2010 [18] also reports significant 
uncertainties in the attenuation coefficient vs grain size, because attenuation heavily depends 
on the porosity of sediments and the presence of (resonating) bubbles [27]. 
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Figure 8-9: Attenuation coefficient vs grain size, based on [18]. 

To gain insight in the validity of the estimated attenuation coefficient, it is compared to the 
variability in a target echo response for a buried object with frequency. Such a measurement 
can also only be used as an indicator, because it combines the target echo response with the 
effect of attenuation. Nevertheless, the trend observed with frequency in the measured data 
suggests that the estimated 𝛼௦ ൌ1.6 dB/𝜆 is too high. A value of 𝛼௦ in the range between 0.5 
and 0.7 dB/ 𝜆  would better explain the observed trend in the observed echo level with 
frequency. This indicates that the interpretation of the measured BSS with range is not correct, 
or at least that there is insufficient understanding of the trends in BSS versus range. Possible 
explanations is that the mud layer consists of multiple layers, there may be additional reflection 
and transmission losses, or unexpected source directivity effects. 

8.5 Conclusions 

Information on seabed sediment types is often available prior to the start of an UXO detection 
and remediation survey. By using empirical relations between grain size and acoustic sediment 
properties, reliable estimates can be obtained on the sediment sound speed. Knowledge on 
sediment sound speed is important, because the existence of a critical angle has a large impact 
on the coverage that can be achieved in detection surveys for buried UXO objects.  

In a scenario in which there is significant uncertainty on the acoustic seabed parameters, or 
significant variability, additional information on acoustic seabed parameters will be required 
to support coverage assessment: 

‐ In a downlooking configuration, information on acoustic seabed properties can be obtained 
using a downlooking single-beam or multi-beam echo sounder. It is known that with SBES 
or MBES, good insight can be obtained in the variability in acoustic seabed properties. 
Absolute calibration of SBES/MBES measurements often remains challenging. Based on a 
combination of SBES/MBES measurements and in-situ measurements (grab samples, 
gravity cores), inferences can be made on grain size of sediment, and empirical relations 
can be subsequently used to estimate the sediment sound speed. However, there remains a 
significant uncertainty in the sediment attenuation in this approach. 

‐ It is challenging to obtain information on acoustic seabed parameters relevant for coverage 
assessment from a sidelooking sonar system. The analysis of backscattering data is 
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complex. It is not straightforward to make inferences on sediment sound speed and 
attenuation, because scattering mainly originates at rough interfaces and inhomogeneities. 

‐ By using bistatic measurements, geoacoustic inversion techniques can be used to make 
direct inferences on sediment sound speed and absorption. Additional information on 
attenuation improves the accuracy of predications up to which depth UXO objects of 
interest are detectable. A drawback is that bistatic measurements will require additional 
equipment and time. Furthermore, there are often significant uncertainties that remain in 
the geoacoustic parameters that are to be estimated. 

‐ In-situ measurements are an important aid for acoustic seabed classification. At specific 
locations, direct measurements of relevant properties can be obtained. In-situ 
measurements can be obtained with dedicated equipment, such as buried hydrophones or 
instrumented test targets. The analysis of SNR for buried objects, observed at different 
ranges (or the absence of a contact corresponding to such an object) and frequencies, can 
also provide information on the relevant acoustic seabed properties. In-situ measurements 
are rather valuable. A drawback is that they provide information only at a specific location.  

 

9 Simulation of target in environment response 

The target in environment response (TIER) is a combination of target scattering, source-target 
propagation, target-receiver propagation and processing of the received signal as shown in 
Figure 9-1. The TIER depends on signal, target and environment properties as explained in 
Chapter 5. The interaction of the incident field with the target can be modelled in several ways 
and varies in level of complexity and required computational efforts. Different methods to 
calculate the target strength (TS) are 

‐ to use an empirically derived TS based on a simplification of the target to a shape for which 
an analytical solution is available, or 

‐ to use 2.5D or 3D finite element modeling (FEM) to compute the TS. 

For this study 2.5D FE modeling is used, which is a good balance between being able to model 
a high level of detail and reasonable computation time at the cost of only being able to simulate 
axisymmetric targets. This is often the case for UXO objects. In this way it is possible to 
perform coverage assessment for a large range of different target properties. 

In this chapter the simulation approach to obtain the target in environment response 
including processing of the received signal is explained. Simulations of the TIER have been 
shown before in other studies, but results including processing are limited. Therefore, the focus 
of the results is how to obtain a time series response of an UXO object of interest, which is 
needed as input to LF-SAS processing. The approach is explained here using a simulated 
scattering response of a proud solid aluminum cylinder. The same method applies to the 
simulation of the time series response of a buried UXO object. The only difference is that then 
the transmission of sound into the sediment has to be taken into account as an additional step. 
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Figure 9-1: Simulation chain for target in environment response including processing. 

9.1 Simulation approach 

9.1.1 Target strength simulation 

The target strength is simulated using a 2.5D FE method, which assumes an axisymmetric 
target and can include a single sediment layer. The sediment and water are both treated as half-
spaces, unbounded fluid domains where the Sommerfeld radiation criterium must hold at 
infinity.  

The simulation starts with the propagation of the incident field from source to target. A 
plane wave oriented towards the center of the target is currently taken as incident field, but it 
is possible to implement a more complex incident wave. The direct, reflected and transmitted 
parts of the incident field on the target are all calculated in the case of a fluid-sediment interface.  

The elastic response of the target is determined by how the target oscillates as a result of 
the impinging acoustic pulse and by how these oscillations are radiated. Both can be described 
by structural acoustics and can be modelled using the finite element method. To minimize the 
computational cost only the scattering of axisymmetric targets can be computed as the FE 
calculation can then be split in a set of 2D calculations. The size of the set depends on the 
maximum circumferential Fourier component (mode) that is taken into account, which is 
derived from the target size and the maximum frequency. Higher modes can be discarded as 
they mostly excite evanescent waves [25][29]. The FE simulations include currently only first-
order scattering. Higher-order scattering such as the target-seafloor-target field is not taken into 
account. However, by adding an additional FEM step in which the target is excited by the 
reflected field it is possible to add higher-order scattering as well [29]. 

The short-range elastic response is calculated and given by the pressure and normal particle 
displacement at a surface enclosing the object and needs to be propagated to the receiver 
positions to obtain the long-range response. The propagation is done using a numerical 
approximation of the Helmholtz-Kirchhoff integral for which the appropriate Green’s kernel 
of the background medium needs to be evaluated [40]. The model outputs the target scattering 
at the receiver positions as a function of frequency. 

9.1.2 Target strength simulations for different types of environment  

Besides the environmental parameters as sound speed and attenuation of the medium, other 
environmental properties can be directly included in the target strength simulations as well. 
The FE approach allows for either an homogeneous surrounding medium (water) or a medium 
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with a single sediment layer (water-sediment). For the latter case the target can be proud, buried 
or partly buried. The modeling assumptions related to the different environments shown in 
Figure 9-2 are described in this section. 

 

Figure 9-2: The different environments that can be modelled in the FE simulations. The 
surrounding environment can be either an homogeneous environment (a) or include a single 
sediment layer (b-d). In the latter case the target can be either proud, buried or partly buried. 

For all cases it is assumed that each medium is fully elastic and homogeneous. Local variations 
in sound speed or attenuation are not incorporated in the model. When a sediment layer such 
as sand or mud is present, refraction and reflection effects are taken into account in the 
propagation part of the simulation, though interaction with the target is limited to first-order 
effects. Second order scattering can be included by running a second iteration of FE scattering 
calculations with the reflection of the 1st scattered field as the incident field, as shown in Figure 
9-3. Including higher order scattering results in a slight improvement of the far field response 
at specific frequencies [29], though the effect on the estimated coverage assessment is expected 
to be small. Therefore, the TS simulations are limited to 1st order scattering effects in order to 
reduce computational cost. 

The elastic response of the target depends on the target properties as well as on the properties 
(speed of sound and attenuation) of the surrounding medium. The surrounding medium is 
assumed to be homogeneous and fully elastic and can thus be either water or sediment. This 
means that for partly buried objects the water-sediment interface is not taken into account in 
the calculation of the near-field elastic response, but only in the propagation of the incident and 
scattered fields. For partly buried targets either water or sediment has to be chosen as 
surrounding medium. 
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9.1.3 Table-look-up approach for target strength simulations 

When one wants to determine the TS for a range of source and receiver positions and/or 
different target positions, orientations and depths, a look-up table can be used to increase 
efficiency [25]. The look-up table consists of the responses for each forcing point of the target 
(the Gauss points). The response for any incident field can then be reconstructed by 
recombining the results of FEM calculations from different forcing points. Note that the FEM 
calculations still depend on the surrounding medium, so different look-up tables are needed for 
proud and buried targets. The look-up table approach is useful if the number of incident fields 
that need to be modelled exceeds the number of Gauss points of the target as the amount of 
FEM calculations can then be reduced. 

 

9.2 Simulation results 

The target in environment simulations including processing as described above can be done for 
any axisymmetric object. In this section simulation results are shown for a solid aluminum 
cylinder "NL-CYL" with a length of 61 cm and a diameter of 30.5 cm. It is a replica of the 
target used by Williams et al. [22]. The target is located at a depth of 18 m lying proud on a 
sandy bottom. The source and receiver positions are chosen to be exactly the same as for an 
experimental run performed in Gdynia, Poland. In this way, the simulated results can be 
compared to recorded data at a later stage. The source and 100 hydrophones are positioned 
close to each other on an array. Figure 9-4 shows the target and array positions for the run. The 
target’s axis is aligned with the y-direction. 

The sections below will show the simulated target response as a function of frequency, the 
results after conversion to time domain and the simulated response after processing has been 
applied. 
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Figure 9-3: Sketch showing incident field, the 1st and 2nd order scattering field of a target and
the corresponding far field [29]. 
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Figure 9-4: The solid red line shows the array positions (source and receivers) for the simulated 
run. The open red circle represents the target position and the black lines show the orientation 
of the incident field. The right panel shows NL-CYL. 

9.2.1 Conversion to time domain 

For each array location (‘ping’), the complex frequency response including wave 
propagation effects was calculated for 100 frequencies ranging from 100 Hz to 10 kHz, with 
increment of 100 Hz. The absolute amplitude corrected for geometrical spreading is displayed 
in Figure 9-5 for receiver (‘hydrophone’) 100. 

 

Figure 9-5: Amplitude response (dB) for object NL-CYL as a function of frequency and array 
location. 

 

By applying an inverse Fourier transform, the time domain signal will be obtained in terms 
of a band-limited zero-phase pulse. Also some over-sampling in time is desired. By setting the 
Nyquist frequency to fN  = 40 kHz, the sampling frequency fs = 2* fN becomes 80 kHz with a 
corresponding sampling interval dt in the time domain of dt=1/fs = 12.5 µs. 

Subsequently, in order to transform to time, a frequency sample was added at 0 Hz and 
zero-padding was applied up to the sampling frequency of 80 kHz (800 samples). This was 
then inverse Fourier transformed, taking the real part and amplitude multiplied by two. This 
gives the inverse transform result for a 10 ms time window. 
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The complex frequency response included wave propagation. Hence the obtained time 
response includes propagation as well, which means the event is expected at arrival times 
according to the shape of an hyperbola with the apex at CPA, at times greater than 10 ms. This 
hyperbolic event will be wrapped around in the inverse transform. Hence, to recover the event 
in time domain the response is concatenated a number of times such that the complete travel 
time range at all simulated platform locations is covered. Subsequently, the desired response is 
extracted using a window around the expected travel time. Figure 9-6 shows the time response 
after concatenation and windowing. The fact that the wrapped-around events can be separated, 
proves that sufficient amount of frequencies were computed in the TIER modeling. A zoomed 
version after flattening on arrival time is shown in Figure 9-7. 

 

Figure 9-6: Left: time response after concatenation of inverse transform result indicated with 
a black box. Red dashed line indicates source-target-receiver travel time for hydrophone 100. 
Right: After windowing. Inset shows flat top window for ping 1.  

 

Figure 9-7: Zoomed time response for hydrophone 100 after flattening on arrival time of the 
object's center. 
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9.3 Summary 

Using FE modeling, high-fidelity TIER data can be obtained. By using the table-lookup-
approach, time series data can be obtained for different tracks, target orientations, target 
positions, target depths without having to repeat the time-consuming FE simulations. They can 
be all done a priori, and only the table look-up postprocessing is then required to generate the 
time series data. The first-order effects of changes in acoustic sediment properties (sound speed 
and attenuation) can also be addressed in the table look-up postprocessing. This covers then 
the propagation effects, the effect of changes in sediment sound speed and attenuation on the 
target scattering is then ignored.  

 

10 Processing of target in environment response 

Once the time series response of the target in environment is modelled for all source and 
receiver locations of the MUD system according to the sailed track shown in Figure 9.4, this 
data is ready to be taken forward to low-frequency synthetic aperture sonar (LF-SAS) 
processing. The result of this processing will be an image of the object in environment, 
including data acquisition and processing effects, but otherwise noise-free. Subsequently, 
reverberation will be blended in from the field data recordings before any processing, as a first 
look with a signal-to-noise ratio empirically derived from the field data. Finally, this data is 
processed again to an image comparable to an actual image obtained from the field dataset. 
Calibration of TIER modeling and processing is critical to allow the insertion of simulated 
TIER in measured data. The calibration is discussed in Section 11. 

10.1 Preprocessing 

The main preprocessing steps for SAS processing are propagation loss compensation and 
basebanding. The propagation loss compensation removes the effect on amplitude of spreading 
along the travel path. In case of the modelled data, this is done by multiplying with the distance 
r between target and receiver only. This removes the spherical spreading loss (1/r) from target 
to receiver; for the plane wave propagation from source to target there is no spreading loss. 
Basebanding moves the signal down its center frequency for data compression. The synthetic 
data already comes as a zero-phase pulse in the time domain, so no matched filtering is required. 
Figure 10-1 shows a zoom close to the target location of the time response for a single 
hydrophone after preprocessing. Near the closest approach, three high-amplitude events are 
seen with increasing slant range. 
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Figure 10-1: zoomed time response for a single hydrophone after preprocessing. 

 

10.2 SAS processing  

In the SAS processing workflow, SAS imaging is applied directly to 2D array data, taking the 
actual receiver positions at each ping into account. Figure 10-2 shows an image of the target. 
The processing for this image was done in four frequency sub-bands, where the integration 
angle was reduced from maximum 90 degrees for the higher frequencies in order to get a similar 
resolution for each band. The target is looked at from broadside. The length along-track of the 
high-amplitude response in red corresponds well with the target length of 61 cm. Across-track, 
three main events are visible like in the time response. In this direction, the target width is 30.5 
cm. The target center was modelled at 30.78 m across-track and 127.76 m along track, indicated 
with dashed lines in the image. The response looks similar to the broadside image of a 
comparably sized object for a controlled experiment described in [22] (although placed at 
smaller range and imaged with different frequencies). Three main events emanate from the 
object too in their measurements, which adds confidence to the obtained result. 
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Figure 10-2: SAS image of the NL-CYL for a maximum opening angle of 90 degrees. 
Amplitude scale in dB relative to the maximum value. 

10.3 Fusion of simulated TIER with measured data  

This section discusses the fusion of simulated TIER with measured data. This is accomplished 
by adding the TIER time series to the hydrophone data. Compared to the simulation results in 
which reverberation is absent, a number of changes is expected in SAS images:  

1) The signal-to-reverberation ratio will vary with target range. The SRR, for a buried 
object will deteriorate when an object is at a higher slant range (e.g. Figure 8-3). This 
has impact on SAS images, and especially on multi-aspect acoustic color images when 
data acquisition is being conducted with straight tracks. For proud objects, however, 
object SRR may increase as a result of reduced backscatter from the sediment due to 
small grazing angles. This would assume no or little multi-path responses, little 
background noise and accurate imaging. 

2) Data acquisition effects have to be taken into account, such as directivity of transducer 
and receivers, variations of SL with frequency, and the sailed track.  

Figure 10-3 compares the result of the fusion of the TIER-SAS image of the cylinder with 
the SAS image of the measured reverberation with the corresponding TIER-SAS image in 
which the reverberation is absent. The SRR of the TIER time series at the closest point of 
approach is 5 dB, resulting in an SRR in the SAS image of more than 15 dB. The frequency 
range is limited compared to the simulation results presented in Figure 10-2. The corresponding 
acoustic color images are displayed in Figure 10-4. 

When the angular and spectral properties of the transducer are taken into account in the 
TIER processing, the angular and range resolution are reduced in the image (Figure 10-5). The 
compensation for these transducer properties, which can be achieved using a stabilized spectral 
division [67] improves the resolution, but reduces the SRR. 
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Figure 10-3: SAS image of NL-CYL for a maximum opening angle of 90 degrees using only 
simulated TIER time series data (left) and fused TIER time series with measured reverberation 
data (right).  

 

     

Figure 10-4: Acoustic color images corresponding to Figure 10-3. 

 

 

Figure 10-5: SAS image of fused TIER time series with measured reverberation data as shown 
in Figure 10-3 (left), the corresponding SAS image taking the angular and spectral transducer 
properties in the TIER time series into account (center), and SAS image compensated for the 
transducer properties (right). 
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11 Calibration and validation of TIER processing and modeling 

The signal-to-reverberation ratio analysis for coverage assessment relies on the augmentation 
of simulated TIER in field data recordings. To ensure the compatibility between simulated time 
series and measured hydrophone data, calibration is required, both for the TIER modeling and 
for the measured data. 

For the TIER simulations, calibration involves the following aspects: 

1. Conversion of TIER simulations from acoustic color to time series (section 11.1): Note 
that we directly simulate matched-filtered data; 

2. Source directivity pattern; 

3. Propagation loss; 

4. Receiver directivity pattern; 

For the TIER modeling, matched filtered data are simulated directly. This implies that 
appropriate normalization is required for the matched filter in the processing chain. Also, 
consistent scaling needs to be applied for the transformation from frequency to time domain 
and vice-versa, such that energy is conserved.  

For the processing chain, proper calibration for hydrophone sensitivity and A/D conversion 
needs to be applied, such that the recorded data can be interpreted in dB re µPa2. 

In the calibration, the conversion from TIER to time series from matched filtered data is 
considered as most complex. This will be discussed in Section 11.1. The source directivity 
pattern can be established, for example by conducting dedicated measurements in an acoustic 
test basin, and the receiver directivity pattern can be measured as well. Alternatively, it can be 
predicted based on information on directivity of individual elements and the array geometry. 
Finally, spherical spreading is used for propagation loss.  

The calibration of the TIER modeling and processing is validated by comparing a simulated 
for a specific track to the measured TIER of the same response. The validation is discussed in 
Section 11.2. Challenges in the validation based on model-data comparisons are discussed in 
Section 11.3. 

11.1 Calibration/scaling of TIER modeling: from 
Acoustic Color to Time Series 

In Section 9 it was described how with FE modeling, high-fidelity TIER data can be obtained 
in the form of acoustic color, i.e. a complex frequency response with aspect angle, which is 
subsequently transformed to a time series. Transformation from frequency to time series and 
back is implemented using the discrete Fourier and inverse Fourier transformation (DFFT and 
DIFFT). They are defined as follows. 

Discrete FFT: 

 

𝑋ሺ𝑘ሻ ൌ ∑ 𝑥ሺ𝑛ሻ expሾே౜౜౪
௡ୀଵ െ 𝑗2𝜋ሺ𝑘 െ 1ሻሺ𝑛 െ 1ሻ/𝑁୤୤୲ሿ;     (11.1) 

 

Discrete IFFT: 

𝑥ሺ𝑛ሻ ൌ ∑ 𝑋ሺ𝑘ሻ expሾே೔౜౜౪
௞ୀଵ 𝑗2𝜋ሺ𝑘 െ 1ሻሺ𝑛 െ 1ሻ/𝑁୧୤୤୲ሿ;     (11.2) 
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The frequency sampling interval is Δ𝑓 ൌ 𝑓௦/𝑁, where 𝑓௦ ൌ 1/Δ𝑡 is the sampling frequency, 
and 𝑁 is the number of samples used in the DFFT and DIFFT. 

The DFFT uses a transformation 𝑡ᇱ ൌ 𝑎𝑡 such that the integrand runs between 0 and 𝑁 െ
1,  with 𝑎 ൌ 1/Δ𝑡 . Changing the integration from 𝑡  to 𝑡′  results in an additional scalar, a 
multiplication with Δ𝑡 . Likewise for the DIFFT, which results in a multiplication with Δ𝑓. 
Using this scaling, the DFFT/DIFFT will be energy preserving, which was verified using 
Parceval’s theorem: 

 

∑ |𝑥ሺ𝑛ሻ|ଶΔ𝑡 ൌ ∑ |𝑋ሺ𝑘ሻ|ଶΔ𝑓.ே
௜ୀଵ  ே

௜ୀଵ       (11.3) 

 

With this scaling in place, the expected amplitude of the TIER simulation in the time 
domain can be understood as follows. First, the concept Source Level Energy 𝑆𝐿ா is introduced, 
which is the total energy contained in a source pulse: 

 

𝑆𝐿ா ൌ 𝑆𝐿 ൅ 10 logଵ଴ 𝑇        (11.4) 

 

In this equation, 𝑆𝐿 is the source level and 𝑇 the pulse duration. Source level energy can 
also be defined in the frequency domain: 

 

𝑆𝐿ா ൌ 10 logଵ଴|𝑀|ଶ ൅ 10 logଵ଴ 𝐵      (11.5) 

 

In this equation, 𝐵 is the bandwidth, and 𝑀 is referred to as the spectral amplitude [18]. 
Note that 10 logଵ଴|𝑀|ଶ has dimensions [ dB re µPa2m2/Hz2]. 

Suppose that the TIER simulations are conducted using 10 logଵ଴|𝑀|ଶ ൌ 0 dB re 
µPa2m2/Hz2. Consequently, the 𝑆𝐿ா ൌ 10 logଵ଴ 𝐵. Assuming that the duration of a matched 
filter signal in the time domain is equal to 1/B, the corresponding 𝑆𝐿 ൌ 20 logଵ଴ 𝐵 . This 
corresponds then to a sinc function with peak amplitude 𝐵. Virtually all energy is contained in 
the resolution cell with duration 1/B. This was confirmed on the TIER simulations. In order to 
interpret the resulting amplitudes as target strength TS, 10 logଵ଴|𝑀|ଶ is scaled with 20 logଵ଴ 𝐵. 

Another aspect that deserves attention is the calibration is scaling of the matched filter, 
because we simulate directly matched-filtered data. 

For the measured data, matched filtering is implemented in the frequency domain as a 
stabilized deconvolution: 

 

𝑋ெி  ൌ  ௑∗௖௢௡௝ሺ௉ሻ

୫ୟ୶ ሺ|௉|మ,ఢሻ
         (11.6) 

In which X is the signal and P is the source wavelet, and 𝜖 is a small number used to avoid 
zeros in the denominator.  
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11.2 Validation of results using proud target: NL-CYL 

The simulated and measured response for NL-CYL are displayed after vertical beamforming 
in Figure 11-1. It shows the simulated TIER for NL-CYL, which has a diameter of 0.30 m, 
half-buried, and just 0.05 m buried, and also simulated TIER with added background. The exact 
burial conditions are not known – targets were deployed several months before the survey was 
conducted in this specific trial to mitigate perturbations introduced in the sediment caused by 
target burial, and, unfortunately, they were not established during the trial or during the target 
recovery. 

The reverberation background in the data with the measured target response differs from 
the reverberation background added to the simulated TIER response. The reason is that the 
addition of the simulated TIER to reverberation background cannot be done using exactly the 
same reverberation background because of the presence of the target, i.e. a target-free part of 
the seabed in the same survey has been used instead for the background reverberation to avoid 
interferences. 

The comparison between the modeled and measured TIER shows that a good agreement is 
obtained in the magnitude and also in the TIER observed for different aspect angles. It 
furthermore reveals that small differences in the burial conditions of the target impact the 
magnitude of the TIER. The differences between the TIER of the two different simulations is 
larger than the difference between the simulated TIER (half-buried target) and the 
corresponding measured TIER. This result is confirmed by the corresponding SAS images 
which are presented in Figure 11-2. It shows a good agreement between the modeled and 
measured TIER, both in intensity as in character.  

Based on these results, we have sufficient confidence in the calibration of the simulations 
for TIER and in the process to augment targets to measured reverberation data. The model-data 
comparison also reveals challenges that are encountered in TIER model-data comparisons. 
They are further discussed in the next section.  

11.3 Discussion on validation of TIER modeling 

The validation results presented in the previous section suggest that it is difficult to get a 
good agreement between the simulated TIER and measured TIER, i.e. to get a good 
agreement on the full TIER response, especially in settings which are not specifically 
designed to enable model validation. Possible explanations are discussed in the subsequent 
sub-sections. 
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Figure 11-1: Upper 4 panels: NL-CYL simulated TIER response before (top) and after 
blending (middle) with measured reverberation data . On the left the target base was buried 5 
cm, on the right half-buried. Bottom panel: NL-CYL on measurements. 
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Figure 11-2: SAS images for NL-CYL simulated TIER response after blending with measured 
reverberation data (left – base 5 cm buried; middle – half-buried); NL-CYL on measurements 
(right). 

11.3.1 Uncertainty in target orientation 

Especially for buried targets, it is likely that there remains uncertainty in the target 
orientation, because it cannot be validated by visual inspection. To avoid this source of 
uncertainty, it is recommended to use instrumented targets [68] deployed with INS and 
communication devices to resolve this source of uncertainty.  

11.3.2 Burial conditions 

As already shown in Figure 11-2, simulations suggest that there are significant differences in 
TIER for proud objects vs partially buried objects. To mitigate this uncertainty for partially 
buried objects, it is recommended to measure exactly the burial depth (or partial burial) 
during the target deployment and recovery, and/or to measure the height of the object above 
the seabed using a) a multi-beam echo sounder, b) interferometric sonar, or c) to derive it 
indirectly from shadow length in SSS measurements. Note that a low-frequency 
interferometric sonar may not give the correct reference depth for the seabed (cf Section 4). 
  

(a)  (b) 

   

 

Figure 11-3: (a) LF-SAS response of a deployed buried object in Den Helder harbour (b) and 
corresponding high-frequency SSS image showing perturbations of the water/mud interface. 
The white circle denotes the ground-truth position measured during target deployment with 
GPS (and associated uncertainty), the yellow arrows indicate perturbations of the seabed 
introduced during target deployment. 
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11.3.3 Perturbations introduced during target deployment 

When experiments are being conducted, target burial may result in perturbations of the 
sediment. This could subsequently lead to a more complex TIER in comparison to the modeled 
TIER. An example is presented in Figure 11-3. The high-frequency SSS image shows 
perturbations in the water/mud layer interface which potentially impact the LF-SAS TIER. 

11.3.4 Changes in TIER over time 

In environments with tidal currents, scour will occur, which also is believed to impact the 
TIER. The impact of corrosion and biofouling has been investigated in [2], and the effect on 
LF-SAS was considered to be small. The buoyancy factor of the target will impacts the target 
mobility. 

11.3.5 Complex seabed sediment structures 

All the previous aspects considered primarily the target itself. The sediment itself also 
contributes to the complexity of the TIER response. As indicated by [29] complex interaction 
of sound with target and sediment leads to high-order scattering responses.  

The Haringvliet environment, which is one of our test sites, is well studied. The complexity of 
seabed sediment structures encountered in a fluvial-tidal regime are discussed in [69], and two 
examples from this paper are presented in Figure 11-4. It shows that sediment layer is not 
necessarily horizontally layered, i.e. in fluvial tidal environments, so-called X-bedding 
structures can be encountered. 

     

 

Figure 11-4: Examples from an exposure (during the construction of a tunnel) revealing 
sediment structures in the Rhine-Meuse delta, from [69]. 

11.3.6 Data acquisition and processing 

As detailed in this report, the comparison of modelled TIER to measured TIER requires that 
the entire data acquisition chain and processing is calibrated. In addition, platform motion 
needs to be accurately measured such that it can be fully taken into account in the SAS 
processing. Uncompensated motion errors will lead to artefacts in SAS images.  

11.3.7 Acoustic color 

An important image representation is multi-aspect acoustic color (MAAC). This image 
representation contains valuable information to aid target classification. For these applications, 
it is important to know which information can be reliably obtained, and which information in 
the MAAC representation is sensitive to the reverberation background. An example of MAAC 
derived from simulations only and MAAC for simulation and background is presented in 
Figure 11-5. It illustrates the sensitivity of MAAC to the reverberation background. 
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Figure 11-5: SAS images (top) and corresponding multi-aspect acoustic colour (bottom), for 
simulated TIER wihout mixing of measured data (left) and with (right). Note how the 
reverberation noise at and around the target in the SAS image spreads and obscures the multi-
aspect acoustic colour image. 

12 Coverage assessment results and comparison to measurements 

12.1 Introduction 

This section presents coverage assessment results, and compares these results to measurements. 
By augmenting simulated targets in measured reverberation data, information is obtained in the 
signal-to-reverberation ratio (SRR) and on the signal excess (SE), assuming a detection 
threshold. These quantities are derived for different target positions (range, along-track), target 
depths, and target orientations. Based on these quantities, P(y) curves, expressing the 
probability of detection vs across-track range, and coverage maps can be obtained. Finally, the 
sensitivity to different seabed sediment conditions is investigated.  

This section is organized as follows. The simulation approach to enable coverage 
assessment is presented in Section 12.2. Corresponding TIER SAS images augmented to 
measured reverberation data are discussed in 12.3, and SRR, P(y) curves, and coverage maps 
are presented in 12.4. 

12.2 Coverage assessment simulation approach 

The environment for the simulations is chosen to resemble the Gdynia area where field 
measurements were done with a scientific target at multiple depths. In this way a validation of 
the predicted coverage assessment can be performed. The buried target is NL-REF, a cylinder 
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with a diameter of 0.5 m and a length of 1.0 m. The axis of symmetry of the cylinder is 
orientated in the horizontal plane, parallel to the water/sediment interface. Water depth below 
array center is 20 m. Straight tracks are simulated; track length is such that target is illuminated 
for the full opening angle of 100° (Figure 12-1). Platform speed is 1.2 m/s; Pulse repetition 
frequency: 8 Hz. 

 

Figure 12-1: Simulated tracks for various crossline ranges, with incident rays from source to 
target. Opening angle is kept at 100°. 

For the base simulation case, a homogeneous sediment half-space of very fine sand was 
inserted below the water column, this resembles the sediment found in Gdynia based on in-situ 
sediment samples (Figure 12-2). Speed of sound with critical angle, and density used in the 
simulations are listed in Table 1. The attenuation in the sediment was taken constant at 0.88 
dB/wavelength [18]. 

 

Figure 12-2: Sediment sample taken in the Gdynia area. Below 0.19 m, the sediment 
dominantly consists of fine and very fine sand. 

Sailing 
direction 

 
40 m 

 
30 m 

 
20 m 

Crossline range: 

Two-sided opening 
angle kept at 100º 
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Table 1: Sound speed and density used in the simulations. Values taken from [18]. 

 Sound  
speed [m/s] 

Sound 
speed ratio 

Critical 
angle 

Density 
[kg/m3] 

Density  
ratio 

Water 1488 - - 1025 - 

Very fine sand 1655 1.1122 64° 1860 1.8146 

Medium sand 1782 1.1976 57° 2138 2.086 

 

To evaluate detectability as a function of target range, target orientation, burial depth and 
sediment type, a series of simulations were conducted. In the simulations: 

 the across-track range to the target was varied from 5 m to 50 m in steps of 5 m;  

 Target orientation was increased from 0° to 90° in steps of 15°, where 0° denotes a 
broadside target response; 

 Two sediment types were investigated, very fine sand and medium sand; 

 Burial depth to top of target was kept constant at 0.5 m for these tests. 

Finally, to obtain a coverage map, the simulated targets can be augmented at different 
positions, provided that the range to the sailed track is kept constant. All simulations were 
conducted using a straight track.  

The simulation procedure, which relies on FEM simulations, is time consuming. It is, 
however, applicable to the coverage assessment application, because all simulations can be 
conducted prior to an experiment, provided that information on acoustic seabed properties are 
available. With the simulations and the corresponding SAS images available, these SAS images 
can be augmented in the SAS images of the reverberation. This final step is not time consuming 
and enables therefore to conduct coverage assessment directly when SAS images become 
available. It is important that coverage assessment results become quickly available. It enables 
the modification of UXO survey plans if insufficient coverage is achieved. 

12.3 TIER Results for NL-REF 

All these simulated TIER in the frequency domain were converted to the time domain as 
described in section 9.2.1. Subsequently, SAS imaging was applied, with and without measured 
data blended into the time recordings on hydrophone level (section 10.3). Figure 12-3 shows 
an example of the blending.  
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Figure 12-3: Example SAS images of a simulated TIER of NL-REF without (left) and with 
(right) measured data blended into the time recordings. Target orientation was 30°, crossline 
distance 30 m, burial depth to top target 0.5 m, sediment type very fine sand. 

 

Figure 12-4: TIER SAS images for comparing crossline range and sediment type. Increasing 
crossline ranges to target from top to bottom: 20-30-40 m. Left column: very fine sand. Right 
column: medium sand. Note the decreased visibility with range for medium sand compared to 
very fine sand due to the smaller critical angle. 
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Figure 12-5: TIER SAS images illustrating the effect of burial depth. Increasing burial depth 
from left to right. 

 

Figure 12-6: TIER SAS images illustrating the effect of orientation. In dashed white line the 
target outline. 
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Figure 12-4 illustrates the effect of increasing across-track range. For the ranges shown, there 
is a general decrease in intensity, with hardly any detectability left for ranges corresponding to 
angles around the critical angle. Also the effect of a different sediment type is discernable. For 
‘medium sand’ the critical angle is smaller, lowering the maximum crossline range for which 
the target is visible.  

In Figure 12-5, the effect of increasing burial depth is shown. Intensity decreases due to 
increasing absorption. Note the proud object has the largest footprint, but not the largest 
intensity. Finally, in Figure 12-6 the effect of orientation is shown. Broadside orientation has 
the largest intensity, while for 90° not much backscatter occurs from the flat end of the target.  

Also it appears most of the intensity coincides with the location of the back side of the target.  

12.4 Signal-to-reverberation ratio, P(y) curves, and 
coverage maps 

In this section, first signal-to-reverberation (SRR) ratio is calculated from the simulations as a 
function of cross range and burial depth. Subsequently, coverage assessment results are 
presented using probability of detection and coverage maps. 

12.4.1 Signal-to-reverberation ratio 

On the obtained TIER-SAS images fused with measured data, the signal-to-reverberation ratio 
(SRR) was computed by first subtracting the background trend (Figure 12-7), and then 
determining the peak magnitude in an area covering the target after some mild spatial 
smoothing to suppress outliers.  

 
Figure 12-7: Detrending of the SAS image for SRR determination. 

The SRR plots for the experiments where cross range and target orientation were varied, 
are given in Figure 12-8, with sediment type ‘very fine sand’ on the left and ‘medium sand’ on 
the right. Note how ‘medium sand’ negatively affects SRR with range due to the smaller critical 
angle. Also, note how the SRR decreases with increasing orientation angle beyond 45° off-
broadside, as the cylinder end comes into view. The cylinder end has a much smaller cross-
sectional area, and the flat surface causes incident waves to reflect deeper into the subsurface 
rather than to scatter back (for the geometrical part of the target response). The behavior with 
orientation will be highly dependent on the shape of the target.  

The corresponding SRR observations in data are presented in Figure 12-9. A similarly 
shaped curve is observed in the data as on the simulations for ‘very fine sand’ (the sediment 
assumed to be dominantly present in Gdynia), with a peak approximately at 20 m cross-range, 
an SRR increase of about 2.5 dB between 10 and 20 m, and a drop of about 15-20 dB from 
20 m to 45 m.  
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Figure 12-8: SRR as a function of crossline range and target orientation for NL-REF TIER 
simulations. Sediment type ‘very fine sand’ on the left, ‘medium sand’ on the right. Burial 
depth top top target is 0.5 m. 

 

 
Figure 12-9: SRR as function of crossline range for buried and proud NL-REF, real data 
observations from Gdynia area. 

12.4.2 P(y) curves 

P(y) is the probability of detection (P) as a function of cross range (y). It is an averaged 
performance metric commonly used for survey planning. To obtain P(y) curves, range bins are 
defined, and subsequently the ratio of number of observations in a range bin (i.e. with SRR 
above a detector threshold) is divided by the number of sighting opportunities in that range bin. 
 
In Figure 12-10, P(y) curves are shown for sediment type ‘very fine sand’ and ‘medium sand’, 
using all simulations available for those sediments (most simulations have target burial depth 
0.5 m). Crossline bin size was 5 m. It is shown for two different detector thresholds, for 
example representing interpreter skill. Based on these curves a decision can be made on the 
maximum distance between tracks in order to still have a good chance on detection. 
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Figure 12-10: P(y) curve for sediment type ‘very fine sand’ (left) and ‘medium sand’ (right), 
for two different detector thresholds, 20 dB and 25 dB, respectively. Dashed line indicates 
critical angle range. 

12.4.3 Coverage maps 

The main usage of P(y) curves is to support planning. They provide and averaged performance 
as a function of cross-range. Coverage maps are important to gain insight in the achieved 
performance, especially when the reverberation level varies with location. 
 
Once simulations are obtained for targets of interest at different cross-ranges, burial depths, 
and orientations, and the corresponding SAS images are obtained, which can be achieved prior 
to a survey, the calculation of a coverage map is not time consuming any more. This means 
that this can be achieved to quickly evaluate the coverage during a survey, such that it is 
possible to use the coverage assessment results for further planning.  
 
In the coverage maps, the quantity Signal Excess (SE) is depicted, which is defined as: 
 
SE = SRR – DT          (12.1) 
 
In this relation, DT is a detection threshold. It has been set to 10 dB. A SRR threshold detector 
is a simple detector that is used to demonstrate the coverage-assessment principle. The 
methodology should also be applicable to more sophisticated detectors. 
 
In Figure 12-11, (a) is a SAS image for a particular track from the Gdynia area. Using spatial 
smoothing, a background level was extracted. Subsequently a detection threshold of 10 dB was 
chosen and added to the background level, giving image (b). Using the signal level as a function 
of cross range from the simulations, the Signal Excess map is obtained (c and e). These were 
constructed for sediment type ‘very fine sand’ and ‘medium sand’, burial depth of 0.5 m, and 
30° target orientation. As can be seen from Figure 12-8, the map should also be valid within a 
standard deviation for orientations 0-60° of target NL-REF. 
 
The coverage maps illustrate the importance of geoacoustic characterization of the seabed. The 
maximum range with SE > 5 dB is reduced from 40 m to 30 m in the case of a transition from 
very find sand to medium sand. At short ranges, the SE is smaller compared to intermediate 
ranges. This is because the high-reverberation levels that are obtained at large grazing angles. 
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Short-range target detection requires that imaging systems have sufficient depth resolution to 
separate reflection from the seabed and sub-surface interfaces from target scattering. 

 

 

 
Figure 12-11: (a) SAS image of an example track from the survey. (b) Derived background 
trend with added detection threshold. (c and d) Coverage maps for NL-REF for ‘very fine sand’ 
and ‘medium sand’, with target orientation 30° and target burial depth of 0.5 m.  

d) 
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13 Conclusions and outlook 

13.1 Conclusions 

This report introduces a methodology for area and depth coverage assessment and evaluates 
the feasibility of the approach. The method relies on high-fidelity FEM TIER simulations of 
UXO objects of interest, which are subsequently merged with measured reverberation data. 
The detectability of the UXO objects of interest is assessed in SAS images, considering the 
Signal Excess (SE) for different target depths, target orientations, and target ranges. Because 
high-fidelity TIER simulations are used, it is also possible to assess the coverage for more 
sophisticated detectors. The impact of different seabed sediments is investigated as well, and 
coverage assessment results are compared to measurements from TNO’s MUD system. 

The method relies on the availability of detailed information on the UXO objects of interest 
as input to FEM simulations. The availability of information of geoacoustic properties of the 
sediment is necessary as well. The coverage assessment results have shown that the maximum 
range for detecting buried objects is limited by the critical angle of incidence for a sidelooking 
LF-SAS system. It is difficult to obtain information on sediment sound speed using an LF-SAS 
system, which primarily senses back-scattering properties of the seabed. It is therefore 
important to collect this information on seabed properties by alternative means, e.g. grab 
samples and/or gravity cores. There are well-established relations between grain size and 
sediment sound speed.  

The coverage assessment methodology critically relies on a calibrated measurement 
system, processing, and TIER simulation chain. Hardware characteristics, such as beam 
patterns, need to be established by conducting basin measurements, and scale factors 
introduced in data acquisition, processing, and simulations need to be taken into account. Errors 
in the calibration will result in biased coverage assessment results. The availability of 
measurements in controlled conditions is important in establishing the calibration, as 
demonstrated by model-data comparisons in this report.  

High-fidelity FEM TIER simulations are time consuming. The efficiency of the TIER 
simulations is improved by using a table-look-up approach, as explained in Section  9. More 
importantly, the simulations and the corresponding background-free SAS images can all be 
generated prior to an UXO detection survey. This means that coverage assessment, which 
require the fusion of these SAS images with the SAS reverberation background, can be easily 
generated during an UXO detection survey, provided that the simulated TIER SAS images are 
generated prior to the survey. The availability of coverage assessment results in-mission will 
help to improve the quality of UXO surveys. Furthermore, averaged performance curves, such 
as P(y) curves, are useful input to the planning of future UXO surveys.  

Coverage assessment has been successfully demonstrated for TNO’s MUD system for 
experimental data acquired near Gdynia, Poland. Simulation results for SRR for a scientific 
target at multiple ranges and depths agree well with measurements. Furthermore, single-view 
coverage assessment results are presented corresponding to single-view SAS images. This 
study therefore demonstrated that high-quality coverage assessment results can be efficiently 
obtained to aid UXO survey planning and evaluation. 

As already mentioned, acoustic seabed parameters have a large influence on the range and 
depth coverage. When there remains a significant uncertainty in these parameters, range and 
depth coverage cannot be established by using the proposed model-based approach. It is then 
essential to deploy well-known objects in the operational area such that the range and depth 
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coverage can be measured for a specific test object. The modelling approach can subsequently 
be used to extrapolate the results to different target depths. 

 

13.2 Outlook 

The current study demonstrated the feasibility of the coverage assessment approach. To enable 
the assessment of UXO surveys, the following four topics deserve consideration for further 
analysis: 

1) In this report, single-view coverage assessment has been investigated and demonstrated. 
For the evaluation of UXO surveys, it is needed to generalize the results to include 
multiple-view coverage to evaluate the coverage achieved in an entire UXO survey.  

2) The results presented in the current report are generated for an ad-hoc detector with an 
SRR detector threshold. It is of interest to extend the analysis to a state-of-the-art 
detector. It is of interest to include target classification/false alarm reduction as well in 
the analysis, since the tolerance to the number of false positives limits the detection 
performance.  

3) It is of interest to apply the developed methodology to other UXO targets, for example 
to investigate the detectability of small-caliber UXO targets, or targets with a different 
shape. 

4) It is of interest to apply the method to different LF-SAS systems or different system 
configurations (e.g. downlooking), to learn how to optimally conduct UXO surveys 
given specific environmental conditions, UXO of interest, and target depth.  

5) Based on coverage assessment, the effectiveness of acoustic techniques for UXO 
detection can be evaluated. In gassy sediments, coverage assessment should indicate 
that acoustic techniques are not able to provide coverage, which means that non-
acoustic techniques, such as magnetic or electromagnetic induction (EMI) techniques, 
should be considered in those situations instead. 

The potential benefit is that valuable insights will be obtain how to plan, execute, and 
evaluate UXO surveys. 
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